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Abstract 
 

The emission of Volatile Organic Compounds (VOCs) and generation of 

oxidation products can have a wide range of impacts on the environment, from 

the immediate vicinity on local health to world-wide effects on climate change, 

global warming and atmospheric composition. Anthropogenic and biogenic 

emissions are the major sources of VOCs in the atmosphere; it warrants more 

detailed analysis and understanding of their atmospheric degradation.  

 

This thesis is a detailed chemical computational study examining the timescales 

and degradation products of the oxidation of VOCs in an airshed characterised 

by a well defined industrial emission source, situated in an isolated semi-rural 

airshed in South West Australia.  

 

By utilizing a comprehensive emission inventory from Alcoa’s alumina refinery 

monitoring and measurements program, and developing two highly detailed 

Photochemical Trajectory Models (PTMs) based on the world class Master 

Chemical Mechanism (MCM) framework, the chemical composition in the 

airshed has been investigated.  

 

A statistical approach has been adopted to estimate the alumina refinery 

emissions. 27 key species have been identified to make up 96% of the VOC 

mass emissions of the refinery sources (Chapter 2). 

 

In the tailored PTMs, new VOC degradation schemes have been written 

specifically for vinyl chloride and ethylene oxide. The troposphere degradation 

schemes for acrolein, methacrolein and crotonaldehyde have also been 

updated and expanded to be treated as primary emitted VOC species, and 

incorporated into the current MCM database and models (Chapter 3). 

Photolysis rates and biogenic VOC emissions have been calculated according 

to the southern hemisphere climate under typical summer and winter conditions.  

 

The first PTM is developed to simulate the ambient conditions in the semi-rural 

airshed with biogenic emissions as the dominant VOC source; while the second 
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PTM has included a 3-hr characterized industrial emission entrained into the 

ambient conditions (Chapter 3). Three scenarios have been defined according 

to different plant operating conditions, and their impacts on the evolving 

atmospheric chemistry investigated. 

 

The model results have identified the potential photochemical oxidants 

generated over a time frame of a few hours from a well characterized industrial 

emission source. The results from this study have also been used to identify the 

distribution of potential secondary organic aerosol precursors. The importance 

of the findings and implications for the region are discussed (Chapter 4). 
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Chapter 1 Introduction 

1.1 Tropospheric chemistry and air pollution 

 

The troposphere is the lowest part of the atmosphere. It extends from the 

Earth’s surface to the tropopause, at 10 to 15 km in altitude depending on 

latitude as well as time of the year. It is characterised by a decrease of mean 

temperature with increasing altitude. This negative temperature gradient causes 

strong vertical mixing which allows fast transport of chemicals. Hence, it can be 

assumed that the chemicals in the troposphere are well mixed. The troposphere 

can be sub-divided into 2 regions: the planetary boundary layer (PBL) and the 

free troposphere (FT). The chemistry and physics of the PBL are of the most 

interest as the biosphere lies within this layer. The depth of the PBL is around 1 

km and it varies significantly according to the time of day and meteorological 

conditions. The exchange of chemical compounds between the Earths surface 

and the free troposphere is greatly affected by the stability of the PBL. The 

troposphere contains about 90% of the atmospheric mass and though its bulk 

composition is around 78% of nitrogen (N2), 21% of oxygen (O2), it is the trace 

constituents that together makeup <1% of the total, which give rise to the 

phenomenon of air pollution (Seinfeld and Pandis, 1998). 

 

There are many chemicals in the troposphere which may impair the health of 

animals (including humans), and plants or reduce visibility. These arise both 

from natural processes and human activity. Substances not naturally found in 

the air or at greater concentrations or in different locations from usual are 

referred to as 'pollutants'. Pollutants can be classified as either primary or 

secondary. Primary pollutants are substances directly produced by a process, 

such as ash from a volcanic eruption or the carbon monoxide (CO) gas from a 

motor vehicle exhaust. Secondary pollutants are not emitted. Rather, they form 

in the air when primary pollutants react or interact. An important example of a 

secondary pollutant is ozone (O3) — one of the many secondary pollutants that 

make up photochemical smog. Pollutant control measures are generally needed 
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on CO, sulphur dioxide (SO2), toxic organics, particulates, nitrogen oxides (NO 

+ NO2 = NOx) and volatile organic compounds (VOCs).  

 

CO, SO2, and toxic organics are directly harmful to human welfare; while NOx 

and VOCs are the key ingredients in the formation of photochemical air pollution. 

It is formed where large quantities of motor vehicle and industrial exhausts are 

trapped by an inversion layer, at the same time, exposed to sunlight. It was first 

recognised in the Los Angeles basin in the 1940s. With the envisaged economic 

and population growth, dependence on the automobile and abundant sunshine, 

Western Australia will become another interesting study region (Spiro and 

Stigliani, 2003). 
 

The harmful effects of photochemical air pollution are due to the production of 

O3 and other related oxidant species, e.g. peroxyacetyl nitrate (Seinfeld and 

Pandis) which is a potent eye irritant.  The increase of O3 is of major 

environmental concern due to its strong oxidising properties. It damages and 

stresses vegetation; and as a result, terrestrial carbon dioxide (CO2) 

sequestration is reduced. A systematic pattern of decreasing daily maximum 

concentrations of O3 from urban-suburban locations to rural locations and then 

to remote locations is suggested with reference to the database of O3 

observations (Seinfeld and Pandis, 1998).  

 
Region O3 (ppb) 

Urban-suburban 100-400 

Rural 50-120 

Remote tropical forest 20-40 

Remote marine 20-40 
Table 1.1 Typical summertime daily maximum O3 concentration (NRC, 1991) 

 

O3 production depends on the initial amounts of VOCs and NOx. It is frequently 

represented by means of an O3 isopleth diagram (figure 1.1). This diagram is a 

contour plot of maximum O3 concentrations as a function of initial VOCs and 

NOx. It is generated by contour plotting the predicted O3 maxima obtained from 

a large number of simulations with an atmospheric chemical mechanism with 
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varying initial concentrations of VOCs and NOx; while all other variables are set 

as constant.  

 
 

Figure 1.1 Typical O3 isopleth plot (CTO, 1991) 

 

The relationship between NOx, VOCs and O3 shown in figure 1.1 pinpoints one 

of the most critical problems for air quality policy development with respect to 

O3. For instance, reductions in VOC are only effective in reducing O3 when 

VOC-sensitive chemistry predominates. Reductions in NOx will only be effective 

under NOx-sensitive chemistry; while the reductions in NOx might increase O3 in 

VOC-sensitive regions.  

 

O3 and other related oxidants cannot build up without the combined action of 

NOx and VOCs. Thus, controlling photochemical air pollution requires reducing 

both VOCs and NOx. A review of the atmospheric chemistry of NOx and VOCs 

is given by Atkinson (2000).  

 

VOCs play a crucial role in air pollution studies. However, little was known 

about VOCs except for methane (CH4) and formaldehyde (HCHO), in the 

Earth’s atmosphere before 1950. The scientific community have been 

conducting numerous studies since then (Blake et al., 2003).  Countless studies 

have been conducted on primary pollutants however the number of studies 
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focusing mainly on VOCs remains comparatively small. One of the main 

reasons for this phenomenon is the complexity of the atmospheric chemical 

degradation and composition. It is noted that VOCs discussed here only include 

non methane VOCs. 

 
VOCs as an important component of the atmosphere, are generated from many 

different biogenic and anthropogenic sources. On a worldwide basis, the 

emission of VOCs from biogenic sources, mainly vegetation, dominates. The 

estimated emission from vegetation is 1150 Tg (C) per year (Guenther, 1995); 

while the anthropogenic sources contribute around 100 Tg (C) per year 

(ENVIRON, 2005b). Though the contribution of VOCs from biogenic sources 

greatly exceeds those from the anthropogenic sources by a factor of 11 on a 

world wide basis, anthropogenic VOCs always dominate in densely populated 

urban environments. The major anthropogenic VOCs sources in urban and 

industrial environments include emissions from vehicle, landfills, refineries, 

petrochemical sources, solvent usage and industrial activities (Kansal, 2009).  

 

The major classes of all VOCs include alkanes, alkenes, aromatic hydrocarbons 

and oxygenated compounds. While the typical composition of vegetative VOCs 

emission are alkenes (including isoprene, monoterpenes and sesquiterpenes) 

and oxygenated VOCs (including 2-methyl-3-buten-2-ol, acetone, methanol, cis-

3-hexen-1-ol, cis-3-hexenyl acetate and camphor) (Guenther, 1995; Atkinson 

and Arey, 2003c). These VOCs together with increasing NOx emissions from 

anthropogenic sources impacts not only local photochemical pollution but also 

the wider climate. 

 

1.1.1 Climate effects from the oxidation of VOCs  
 

The OH radical initiated reaction is the key removal process for organic 

compounds in the troposphere (see section 1.2.3.1). This process acts as a 

source of O3 and sink of OH and peroxy radicals. Thus, it promotes the build-up 

of CH4 by reducing the efficiency of its oxidation. With the increasing amount of 

VOCs emissions, it leads to the build-up of CH4 and O3, two of the most 



 15 

important greenhouse gases due to their radiatively-active properties (Collins et 

al., 2002) .  

 

From  the 19th  to the 20th century, O3 has approximately doubled its troposheric 

concentration, influenced by photochemical production from elevated VOCs and 

NOx concentrations (Volz and Kley, 1988). Increasing VOCs and NOx levels on 

O3 formation in the lower troposphere is observed. Apart from water, it has 

become the third most important greenhouse gas after CO2 and CH4 due to its 

radiative forcing characteristic (figure 1.2).  

 

VOCs are also a major source of secondary organic aerosol (SOA) in the 

atmosphere through complex reactions, including  aqueous-phase reactive 

uptake (Fu et al., 2009) and gas/particle partitioning (Johnson et al., 2005). 

SOA influences the solar radiation budget and cloud droplet nucleation which 

has a critical impact not only on air quality but also the global climate system 

(Cai et al., 2007). Atmospheric aerosol has been identified by the 

Intergovernmental Panel on Climate Change (IPCC) (Solomon et al., 2007)  as 

having one the of largest uncertainties in our current understanding of factors 

affecting the radiative forcings (figure 1.2). 
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Figure 1.2 Radiative forcing of climate between 1750 and 2005 (Solomon et al., 2007) 

 

Because the atmosphere is so complex, and cannot be readily studied in the 

laboratory environment, one of the major tools available for studying the 

complex interrelations and understanding how they influence the photooxidation 

is through the use of computer modelling. This has advanced greatly in the past 

3 decades, and the major features and components for modelling the chemistry 

of the atmosphere are described below in section 1.2 
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1.2 Modelling atmospheric chemistry 

 

Atmospheric sciences are characterised by complex, non-linear chemical and 

physical processes. The atmospheric chemistry itself involves reactive 

intermediates in competitive processes as a function of consecutive as well as 

parallel timestep.  It involves a large number of variables of which not all are 

known and some of the inter-relationships are often uncertain. Explicit 

photochemical modelling becomes the indispensible component of such an 

investigation. Numerical models are deployed to study these processes by 

incorporating and elaborating all the current knowledge of the system. As a 

simplification of the actual system, the model has to strike a balance between 

the actual description and the necessity to keep it simple enough for 

understanding and performing the computation.  

 

In general, atmospheric models consist of two main sections: a dynamic 

component and a chemistry component. The dynamic component is responsible 

for the transport of the chemical species; while the chemical component 

calculates the chemical rates of change (described in 1.2.5). 

 

1.2.1 Overview of atmospheric chemistry component 
 

To develop the chemical component of an atmospheric model requires the 

construction of a chemical mechanism which is based on our current knowledge 

of the photochemical kinetics of the system under the conditions of the 

troposphere. The chemistry that needs to be included in such a chemical 

mechanism has been developed from fundamental photochemical kinetic 

studies that began around the 1930’s and has seen great advances in the 

following decades. There are numerous review articles and summaries 

available in the literature (Atkinson, 2000; Atkinson and Arey, 2003c); and an 

overview is given in sections 1.2.2 – 1.2.3. This involves understanding the 

atmospheric chemistry of NOx, VOCs and O3.  
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1.2.2 NOx-O3 cycle 
 

The majority of NOx (NO and NO2) is emitted as NO in the troposphere. Fossil 

fuel combustion and biomass burning are the major sources of NO. The main 

source of NO2 is the reaction of NO with O3 (reaction 1.3). 

 

As shown in the reactions 1.1-1.3; NO, NO2 and O3 are interconnected as a 

cycle. The photolysis of NO2 forms NO and O(3P) which gives O3. NO2 is then 

regenerated through the reaction of NO and O3. 

 

NO2   +   hv      NO   +   O(3P) (λ<420nm)   (1.1) 

O(3P)   +   O2   +   M    O3   +   M    (1.2) 

O3  +  NO    NO2  +  O2      (1.3) 

 

Since the interconversion between these species is so fast, a steady state is 

reached within a few minutes. This photostationary state relation determines the 

O3 concentration. The steady state O3 concentration is proportional to the 

[NO2]/[NO] ratio and it is defined as :  

 

        (1.4) 

 

1.2.3 Tropospheric VOCs transformation processes  
 

VOCs are transformed in the troposphere by the chemical processes of 

photolysis (at wavelengths >290 nm), reaction with the OH radical during 

daylight hours, reaction with the nitrate (NO3) radical during evening and night 

time hours, reaction with O3 and reaction with Cl atoms during daylight hours in 

coastal and marine areas (Atkinson, 2000). By influencing O3 and OH radical 

concentrations and the conversion rates of nitrogen oxides (NOx), VOCs play an 

important role in atmospheric chemistry (figure 1.3).  
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Figure 1. 3 VOCs role in atmospherc chemistry (Atkinson and Arey, 2003a) 

 

1.2.3.1 OH Reaction with VOCs 
 

OH chemistry is the most important process in the troposphere because of two 

of its interrelated features: reactivity and relatively high concentration given its 

high reactivity. For instance, the OH radical reacts with most trace species. It 

reacts in catalytic cycles and acts as a scavenger for a wide-range of organic 

compounds in the troposphere. Therefore, the OH radical controls the 

tropospheric concentration of many trace gases. The concentration of OH is 

maintained in the order of 106 molecule cm-3 (Seinfeld and Pandis, 1998).  

 

In terms of reactivity, the OH radical initiates radical-chain oxidation. In the 

presence of water vapour, the main source of OH is photolysis of O3 by 

ultraviolet light. 

  

O3  + hv    O (1D)  +  O2 (290 nm ≤ λ ≤ 335 nm)  (1.5)  

The bulk of the formed excited oxygen, O(1D), atoms are quenched to ground 

state oxygen , O(3P), atoms.  

 

O(1D) + M  O(3P) +  M  (M= N2, O2)   (1.6) 

O(3P) + O2 + M  O3 + M      (1.7) 

 

A fraction of O(1D) atoms react with water vapour to generate 2 OH radicals. 

 

O (1D)  +  H2O    2OH      (1.8)  
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Approximately, 0.2 OH radicals are produced per O(1D) formed at 298 K, 50% 

relative humidity and atmospheric pressure (Atkinson, 2000). 

 

CH4 and CO are the two major sinks of OH in the troposphere.  

 
The OH radical and the peroxy radicals HO2 and RO2 

 

The reaction with OH radicals is the dominant scavenger for the majority of the 

gas-phase organic chemicals present in the troposphere. The oxidation of CH4 

is similar to that of other VOCs and proceeds via the abstraction of a hydrogen 

to form an alkyl radical (R, where R denotes a generalised organic fragment). 

Peroxy radicals (RO2) are formed in reaction 1.9 and 1.10 respectively.  

 

RH  +  OH    R  +  H2O      (1.9) 

 R  +  O2  +  M    RO2
  +  M     (1.10) 

 

The fate of RO2 is determined by the NOx concentration. At high NOx conditions, 

peroxy radicals react with NO to give an alkoxy radical (RO) and NO2. Then the 

photolysis of NO2 occurs resulting in the formation of one O3 molecule. 

 

 RO2  +  NO    RO  +  NO2     (1.11) 

NO2   +   hv      NO   +   O(3P) (λ < 420 nm)   (1.12) 

O(3P)   +   O2   +   M    O3   +   M    (1.13) 

 

The reaction of the alkoxy radicals with O2 to form oxygenated species (R'CHO) 

is the most common completion of this cycle.  

 

RO  +  O2     R'CHO  +  HO2
      (1.14) 

 

Then, the hydroperoxy radicals (HO2) can react with NO and regenerate OH to 

complete the cycle (discussed below).  

  

HO2  +  NO    NO2  +  OH     (1.15) 

 

The overall reaction of this cycle is: 
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OH  +  RH  +  2NO  + 2O2   OH  +  R'CHO  +  H2O  + 2NO2 (1.16) 

 

For instance, two molecules of O3 are formed from NO2 photolysis; and, the 

oxygenated hydrocarbon species is also formed. 

 

In low NOx conditions, the peroxy radicals will react with HO2 or with other 

peroxy radicals instead, forming radical and non-radical species. 

 

RO2 + RO2  RO + RO + O2     (1.17) 

RO2 + RO2  ROH + R-HO + O2     (1.18) 

RO2 + HO2  ROOH + O2      (1.19) 

RO2 + HO2  R-HO + H2O + O2     (1.20) 

 

The oxidation process is more complicated for larger hydrocarbons and other 

classes of VOCs. Ongoing research and data evaluation have been conducted 

in this area (Atkinson et al., 2004).  And there is a good understanding of VOCs 

oxidation in the troposphere (Atkinson and Arey, 2003a; Atkinson and Arey, 

2003c) and their potential in forming O3 through photochemistry (Derwent et al., 

1996; Derwent et al., 1998; Derwent et al., 2007a). To date, OH radical reaction 

rate constants have been measured for ~ 700 organic compounds (Atkinson 

and Arey, 2003a). However, there are many more organic compounds emitted 

into the atmosphere or formed in the atmosphere through chemical reactions or 

photolysis. For many, rate constants are not experimentally available. Hence, a 

number of methods have been proposed to estimate the gas-phase OH radical 

reaction with organic compounds. The most often-used method is the structure-

activity relationship developed, extended and tested by Atkinson (1986, 1987 

and 1988b), and updated by Kwok and Atkinson (1995) (See section 3.1.2).  
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OH reaction with CO 
 

OH radical reacts with CO producing CO2 and an H atom which reacts rapidly 

with O2 to form the hydroperoxy radical (HO2).   

 

 CO + OH  CO2 + H      (1.21) 

 H + O2  + M  HO2 +  M      (1.22) 

 

HO2 is a key peroxy radical in the troposphere. It has a life time of about a 

minute in clean air and less than a minute in dirty air (Monks, 2005). The major 

source of HO2 is the reaction of OH with CO, H2, O3 and by the reaction with O2 

and the decomposition of the alkoxy radicals (reactions 1.21 and 1.22). HCHO 

is another major source of HO2. It can either photolyse or react with OH to form 

the CHO radical (reaction 1.23 and 1.25). The CHO radical then reacts with O2 

to form HO2 and CO. Besides, the photolysis of HCHO has a non radical 

channel (reaction 1.24) forming CO. Eventually, the CO formed from reactions 

1.24 and 1.26 will produce HO2 through reactions 1.21 and 1.22. Similar 

atmospheric process can be envisaged in other carbonyl species, e.g. 

acetaldehyde. 

 

HCHO + hv  H + CHO (λ < 370 nm)    (1.23) 

            CO + H2      (1.24) 

 HCHO + OH  H2O + CHO     (1.25) 

 CHO + O2  HO2 + CO      (1.26) 

 

The O3 initiation reaction with alkenes is another source of HOx radicals. This 

reaction forms a carbonyl compound and a Criegee biradical. The Criegee 

biradical can be collisionally stabilised or undergo unimolecular decomposition. 

Unimolecular decomposition of Criegee biradicals leads to the production of 

HOx (OH and HO2) radicals. It can lead to the production of OH radicals at 

varying yields depending on the structure of the alkene. Despite the O3 initiated 

reaction with alkenes being relatively slower than both OH and NO3 initiated 

reactions with alkenes, it has been proven that this is an important route for HOx 

formation  (Johnson and Marston, 2008). 
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OH is regenerated in the atmosphere mainly by the oxidation of CO and 

hydrocarbons to produce HO2. HO2 reacts with NO at high [NOx] (reaction 1.23) 

or O3 at low [NOx] (reaction 1.24) to produce OH. At low [NOx], HO2 can also 

react with itself producing hydrogen peroxide (H2O2) and removing HO2 radicals 

from the system (1.25). 

 

 HO2 + NO  OH + NO2      (1.27) 

 HO2 + O3  OH + 2 O2      (1.28) 

 HO2 + HO2  H2O2       (1.29) 

 

 

As above, the OH radical initiates the formation of RO2, RO and HO2 radicals. It 

is part of the closely coupled system involving HOx (OH and hydroperoxy radical 

(HO2)), NOx (NO and NO2) and O3; hence, the OH radical cannot be treated 

alone.   

 

1.2.3.2 NO3 initiated reaction 
 

In contrast to the day-time chemistry, night-time chemistry leads to the removal 

of O3. Nevertheless, it has the potential for the production of secondary 

pollutants. The nitrate radical (NO3) is the major night-time radical and is formed 

by relatively slow oxidation of NO2 by O3 (in the order of 15 hours at O3 

concentrations of 30 ppb and T=290 K). 

 

NO2 + O3  NO3 + O2      (1.30) 

 

Another source includes the decomposition of dinitrogen pentoxide (N2O5) 

which is a reversible reaction.  

 

N2O5 + M  NO3 + NO2 + M     (1.31) 

 

NO3 absorbs strongly at visible wavelengths. Having a lifetime in the region of  

5 s for clear sky conditions and overhead sun; it is rapidly photolysed during 

daytime. 
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NO3 + hv     NO + O2  (585 <λ< 640 nm)  (1.32) 

NO3 + hv     NO2 + O(3P)           (λ< 640 nm)  (1.33) 

 

NO3 also reacts rapidly with NO which has a significant daytime concentration 

compared to the nighttime.  

 

In general, the NO3 radical will abstract the H-atom from the alkyl group of a 

saturated organic compound.  The alkyl radical will then react with oxygen 

under atmospheric conditions.  

 

NO3 + RH HNO3 + R      (1.34) 

 

In contrast, the NO3 initiated reaction with alkenes occurs via an addition 

mechanism. Consider the reaction of NO3 with propene as an example. The 

initial addition can take place at either end of the double bond.  

 

NO3 + CH2=CHCH2 + M CH2CHCH2(ONO2) + M  (1.35) 

NO3 + CH2=CHCH2 + M CH2CH(ONO2)CH2 + M  (1.36) 

 

Once the alkyl radicals have been generated, they go on to react in an 

analogue manner, as the alkyl radicals formed by OH reaction in the daytime. 

 

1.2.3.3 O3 initiated reactions 
 

Criegee first suggested the mechanism of the reaction of O3 with alkenes in the 

late 1940s. O3 initiated reactions are only important for unsaturated compounds, 

such as alkenes. It involves the addition of O3 to the double bond to form an 

energy rich primary ozonide, which then rapidly decomposes via two pathways 

to form a vibrationally excited carbonyl oxide (Criegee intermediate) and 

carbonyl products (figure 1.4).  

 

The branching ratio of the ozonide decomposition depends on the structure of 

the alkene (Atkinson, 2000; Atkinson and Arey, 2003b). The Criegee 

intermediates can either be: 

• Collisionally stabilised by a third body (M); or 
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• Undergo unimolecular decomposition of products.  

The stabilised Criegee intermediate will react with SO2, CO, NO, NO2 and H2O 

to give a carbonyl compound and SO3, CO2, NO2, NO3 and H2O2 respectively. It 

is assumed that under tropospheric conditions the dominant reaction is the 

reaction with water vapour (Jenkin et al., 1997a).  

 

For alkyl substituted Criegee intermediates, an important decomposition 

pathway is via a vibrationally hot hydroperoxide intermediate to yield an OH 

radical and a substituted alkyl radical.  

 

 
Figure 1.4 O3 reactivity with alkenes (Atkinson, 2000) 

 

1.2.3.4 Photolysis 
 

Most chemical reactions are directly or indirectly driven by the sun’s radiation. 

Direct photolysis has to be taken into account for all the compounds that are 

photo-labile at the wavelengths in the troposphere. The rate of photolysis (j) for 

a particular compound is defined by the following equation: 

 

      (i) 

where 

 = the absorption cross section 

 = the quantum yield, i.e. the probability that an absorbed photon of a given 

wavelength will cause photodissocation 

 = solar photon flux at a given wavelength  

Absorption cross section ( ) and quantum yields ( ) are both wavelength 

dependent. In addition, the absorption cross sections may display temperature 
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dependence; while the quantum yields are pressure dependent. In order to 

calculate the solar photon flux, accurate measurements for all photolysis 

channels are required to be available as a function of wavelength to determine 

the photolysis rate of a particular compound.  

 
The chemistry described in sections 1.2.1 – 1.2.3, is generalised and a 

simplification of the degradation of any VOCs that is present in the atmosphere, 

however it provides an overview of the chemistry that needs to be included in 

the chemical mechanism component of any atmospheric model. There are 

many different atmospheric models available, and the chemical mechanism 

used depends on the specific modelling domain and questions being asked. 

 

1.2.4 Chemical mechanisms  
 

As given in section 1.2.1 the chemical mechanism is the heart of the chemical 

component in an atmospheric model. Here it is a set of reactions describing as 

accurately as possible the fate of a certain number of compounds in the 

troposphere. The chemistry characterising the troposphere is extremely 

complex and not yet completely understood. The objective of most of the 

chemical mechanisms available is to serve as a link between the available 

laboratory studies and the models. Models, however, are always simpler than 

the real world. Simplification can be achieved by intentional deletion, 

classification and generalisation, therefore, evaluation is important. In general 

there are always simplifications, and the degree of simplification leads to the 

distinction between lumped (or condensed) and more explicit mechanisms. 

There are a number of mechanisms available, the most widely used to date are 

summarised in section 1.2.4.1 – 1.2.4.4.  

 

1.2.4.1 Carbon Bond Mechanism (CB05) 
 

The Carbon Bond Mechanism is a relatively condensed mechanism. Carbon 

Bond 4 (CB4) is widely used in regulatory and other applications. The main 

reason for its popularity is because of its high computational efficiency. CB05 is 

an updated and slightly expanded version of the CB4. In CB05, the rate 
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constants have been completely updated based on current evaluations, the 

inorganic reaction set was expanded to better represent urban to rural 

conditions and the NOx recycling reactions were added. The addition of NOx 

recycling reactions would help CB05 representing multi-day effects better. CB05 

is being evaluated as a replacement for CB4 for regulatory modelling. It has 

been evaluated against chamber experiments. The performance in simulating 

most experiments is similar to or better than that of CB4. However, neither CB4 

nor CB05 has a satisfactory performance in simulating aromatic chamber data 

(Yarwood et al., 2005). CB05 has a total of 51 chemical species and 156 

reactions.  

 
1.2.4.2 RACM mechanisms 
 

The (Regional Atmospheric Chemistry Mechanism) RACM mechanisms are 

moderately condensed mechanisms. The objective of RACM is to predict 

regional atmospheric chemistry and acid rain formation. It is used extensively in 

Europe as an alternative to the explicit chemical mechanisms.  

RACM was developed and updated by (Stockwell et al., 1997) from the RADM2 

mechanism (Stockwell et al., 1990). It applies a more detailed description of the 

air chemistry of biogenic O3 precursors. The updates include new schemes for 

aromatics, biogenic VOCs and acetone. The major objective in the current 

RACM mechanism development is to represent the nitrate and OH radical 

formation in the forest canopies. It contains 77 chemical species, including real 

species and condensed species classes; 23 photolysis reactions and 214 

chemical reactions.  

 

Based on the RACM mechanism combined with the Mainz Isoprene Mechanism, 

(Pöschl et al., 2000) MIM, RACM-MIM was developed by (Geiger et al., 2003) 

to advance the description of the atmospheric chemistry of biogenic O3 

precursors like isoprene and others. It contains 84 chemical species, including 

real species and condensed species classes; 23 photolysis reactions and 

221chemical reactions. 

 



 28 

1.2.4.3 SAPRC mechanism 

 

SAPRC is named from the Statewide Air Pollution Research Centre. The 

objective of the SAPRC mechanism is to give accurate predictions of the 

atmospheric impacts of different types of emitted VOCs. The mechanism shows 

good consistency with the available laboratory data. SAPRC has two versions – 

a more detailed version and a lumped version. The detailed version represents 

the emitted VOCs explicitly except that the reactions for the secondary products 

are lumped.  The lumped version for airshed models limits the reaction number 

by lumping similar species. The lumped species are based on the detailed 

version mechanism for the distribution of compounds they represent. An 

important feature of the SAPRC mechanism development is the mechanism 

generation system. The objective and approach is similar to the Master 

Chemical Mechanism (MCM) (see section 1.2.4.4) development protocol but it 

is automatic. The updated version of the SAPRC-99 mechanism, designated 

SAPRC-07, was completed in August, 2007. It has a total of 124 model species 

and 347 reactions. The aromatic mechanism formation and performance in 

SAPRC-99 is unsatisfactory. Efforts need to be made in the mechanism and 

rate constant update (Carter, 2008).  

 

1.2.4.4 The Master Chemical Mechanism 
 

The Master Chemical Mechanism (MCM) was first initially funded as a research 

programme by the UK Department of the Environment aiming to produce a 

detailed chemical mechanism to model O3 formation in Europe (Jenkin et al., 

1997c). The O3 formation chemistry is complex and non-linear with respect to 

the precursor emissions. 

 

The objective of the MCM is to represent the state of knowledge on atmospheric 

degradation in a mechanism and provide a link between laboratory studies and 

models. It is a “near explicit” mechanism for a large number of emitted VOCs 

and also their major oxidation products, and serves as a benchmark. It is 

simplified by excluding the less important pathways and products. It is manually 
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generated according to the protocols which include various semi-empirical 

estimation methods (Jenkin et al., 1997c; Jenkin et al., 2003; Saunders et al., 

2003) 

 

As new and improved experimental data become available, the protocol 

updates and improvements are published in peer-reviewed journal articles 

(Jenkin et al., 2003; Saunders et al., 2003). The MCM models have been used 

extensively, for example, in providing evaluation of reactivity based VOCs 

emission control and relevant O3 policy, i.e. through the development of 

Photochemical Ozone Creation Potentials (POCP) and Photochemical PAN 

Creation Potentials (PPCP) (Derwent and Jenkin, 1991b; Derwent et al., 1996; 

Derwent et al., 1998; Derwent et al., 2005; Derwent et al., 2007b, a; Murrells et 

al., 2009). The MCM has also been widely used in supporting field 

measurements, selected to design and interpret both chamber and laboratory 

experiments, and used as a benchmark mechanism to provide support for 

general modelling; and analysing the mechanism of secondary organic aerosol 

(Johnson et al., 2004, 2005; Jenkin et al., 2008).  

 

The MCM has contributed substantially to atmospheric science and is widely 

used in Europe for research and sometimes policy applications. It is becoming 

more widely used in the United States (Sommariva et al., 2008a), South 

America (Elshorbany et al., 2009) and China (Archibald et al., 2007). 

 

The most updated version of MCM available at the start of this project 

(MCMv3.1) describes the degradation of 135 major VOCs emitted in the UK 

(NAEI, 2007). It contains approximately 13,500 reactions and 5900 species. 

The rate constants of these reactions are based directly on experimental data if 

they are available. However, many of the reactions have not been studied 

experimentally. The rate constants earlier on, in these cases, are estimated by 

using the SAR method or by analogy to closely related compounds for which 

data are available (see section 3.3). 

 

Figure 1.5 summarises the major reactions considered and classes of organic 

intermediates as well as products which would be potentially generated. Figure 

1.5 essentially represents the degradation of the emitted VOCs initiated by 
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reaction with OH and, where appropriate, direct photolysis as well as the 

reactions with O3 and NO3. Following the initiation process, first generation  

radicals including peroxy (RO2), oxy (RO) as well as excited and stabilised 

Criegee (R'R"COO) species are generated. These first generation products will 

be further degraded within the same framework under tropospheric conditions 

which involves a number of possible reactions, generally described in section 

1.2.3. The complex initiation and radical chemistry in the atmosphere leads to 

the generation of many different products. Some of the species are primary 

emitted compounds, such as simple alcohols, aldehydes and ketones; while 

others include complex (multifunctional) carbonyls, nitrates (RONO2), peroxy 

nitrates (RC(=O)OONO2), hydroperoxides (ROOH), percarboxylic acids 

(RC(=O)OOH) and carboxylic acids (RC(=O)OH). To describe the complete 

tropospheric degradation of the VOC, the product will be fed back to the top of 

the hierarchy and continue the degradation pathway until the chemistry either 

yields water, CO2 or other organic product (or radicals) which are already 

treated independently elsewhere in the MCM.  

 

The MCM is a near explicit mechanism but it contains three important 

simplifications in order to limit the number of reactions:  

 

(1) It leaves out routes of low probability, i.e. the number of pathways resulting 

from OH oxidation of VOCs is limited 

(2) It Represents the numerous permutation reactions of each peroxy radical by 

defining the reaction of each peroxy radical with a peroxy radical pool, (Jenkin 

et al. 1997, Saunders et al. 2003),  and  

(3) It Simplifies the degradation chemistry of minor reaction products. 
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Figure 1.5 flow chart indicating the major reactions, intermediate classes and product classes 

considered in the MCM protocol (Jenkin et al., 1997b).  

 

In order to be accountable, it is necessary to ensure the protocol is current and 

up to date. Various components have been updated in this work (See chapter 3). 

 

1.2.5 Chemical transport models 
 

The area simulated by an atmospheric model is defined as the model domain. 

The models can be categorised by their dimensionality. Atmospheric models 

can be zero-, one-, two- and three-dimensional and work on local, regional or 

global scales. 

 

Mechanisms like CB05, RACM and SAPRC as described above are less explicit 

than the MCM and adopt lumped chemical schemes resulting in smaller 

mechanisms and shorter computing times. These allow them to be more easily 

included into 2D and 3D models, which also consider transport processes, 

detailed emissions data and meteorological parameters. 

 

The simplest type of model for atmospheric studies is a zero-dimensional box 

model which consists of a box of well-mixed air in which chemical species react, 
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i.e. the concentrations are homogeneous within the domain. Transport in and 

out of the box, dilution and emissions are not taken into account. Therefore, in 

zero-dimensional models, the concentrations are functions of time only. A zero-

dimensional box-model is suitable for modelling very short lived species, whose 

concentrations are barely affected by transport and emission processes (Poppe 

et al. 1994). In a one-dimensional column model it is assumed that 

concentrations are functions of height and time, the model domain consists of 

horizontally homogeneous layers. Two-dimensional models assume that 

concentrations are dependent on two dimensions and are uniform along the 

third. In a three-dimensional model concentrations are a function of all three 

dimensions as well as time. 

 

1.2.5.1 Numerical solution of chemical transport models 
 

Atmospheric chemistry is made up of complex interactions of elementary 

reactions. Consecutive and parallel steps involve reactive intermediates in 

competitive processes. For a homogeneous reaction scheme, the rate of 

change in concentrations can be described by a system of ordinary differential 

equations (ODEs) constrained by initial values: 

 

     (ii) 

 

where c is the concentration vector, k is the rate coefficient vector and c0 is the 

initial concentration vector. Therefore the change in the concentration of 

species i at time t is given by: 

 

     (iii) 

  

where  

ci = the concentration of species i at time t, 

vij = the stoichiometric coefficient of the ith species in the jth reaction; and 

Rj = the jth reaction rate. 
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Solutions of these equations allow calculation of the concentration-time 

variation of each species in the model. When there is more than one differential 

equation to solve, the problem of stiffness occurs. Stiffness is a property 

occurring in computation when there are two or more very different scales of the 

independent variable on which variable dependents are changing. It is a 

common problem in chemical kinetic systems as the pseudo-first-order rate 

coefficients often differ by several orders of magnitude. This leads to long 

computational times because integration must follow the variation of the 

shortest time scale to be stable. 

 

The chemical development of defined species in the Photochemical Transport 

Model (PTM) is described by a series of differential equations, as described 

previously (Jenkin et al., 1997b).  

   (iv) 

 where 

Ci = the species concentration in air parcel 

P = the instantaneous production from photochemistry 

L = the instantaneous loss rate by photochemistry 

V = the species dependent dry deposition rate 

h = the time-dependent boundary layer depth 

Ei = the local emission rate from background/pollution sources 

Bi = the background concentration of species aloft 

 

In this work, the system includes 4724 species and more than 14000 

simultaneous stiff differential equations. They are integrated using a variable 

order Gear’s method of FACSIMILE (Curtis and Sweetenham, 1987) , in which 

the values of the solution vector at the end of a step are first predicted, and then 

corrected to satisfy the differential equations by a few Newton iterations. 

FACSIMILE is software designed to solve differential equations efficiently. It is 

widely used in modelling the kinetics of physical and chemical systems 

(http://www.mcpa-software.com/). 
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1.2.5.2 Airshed simulation studies 
 
The advanced knowledge of photochemical reactions and degradation products, 

together with the advances of computing speeds and techniques in solving  

differential equations, have made atmospheric simulation one of the major tools 

in extending the understanding of the atmospheric chemistry. It enables the 

simulation of field observational data; not only primary pollutants, but a number 

of secondary pollutants as well as radical intermediates. Models are not 

generally applicable and need to be tailored to the specific domain which they 

are simulating. The VOCs concentration varies depending on the local 

emissions or available measurements, and in most cases result from a highly 

complex mixture of sources. There are numerous examples in the literature 

(Kansal, 2009); however to date there have been few that focus on specific 

industrial activity (see Section 1.3 for a brief overview). 
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1.3 Industrial emissions and air simulation 
studies 

 

The Earth’s atmosphere has changed drastically since the industrial revolution. 

Air Quality has been a critical issue for public health since then. Despite the 

significant contribution from industrial activity to air pollution and the enhanced 

greenhouse effect there are to date, only limited studies aimed specifically at 

the investigation of a single industrial process. The complexity of the industrial 

process, emissions and limited data available are the major obstacles. Besides 

the obligation from the tightened air pollution regulation in the last few decades, 

industries have also independently taken the initiative to report their emissions. 

Part of the reasons is to prepare for the implementation of the Emission Trading 

Scheme. A typical example is the Cap and Trade environmental policy tool 

introduced by USEPA (http://www.epa.gov/capandtrade/index.html). Hence, 

more and more industrial emission data will become available in the 

foreseeable future.  

 

Reported studies of relevance include that of (Chen et al., 2006) on 

characterising  emissions from refinery processes. There are also studies 

regarding chemical mechanisms derived using field data in an area dominated 

by petrochemical and chemical manufacturing activities (Ryerson et al., 2003; 

Czader et al., 2008). However, atmospheric degradation studies from specific 

industrial emissions have not been well investigated. Previous studies are either 

over simplified in their chemical mechanism (Vizuete et al., 2008) or in that the 

study area is influenced by other emission sources (Ryerson et al., 2003).  

 

In a previous chemical transformation study,  the MCMv1.0 was employed in a 

PTM to describe the ozone formation in an air parcel as it passes over an 

imaginary industrial source located in southeast England (Derwent, 2000). To 

date, no study has been conducted on investigating a well defined single 

industrial process emissions impact on the local and regional atmospheric 

chemistry.  
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An opportunity for this research emerged in Western Australia’s Bunbury region.  

The isolated location of Alcoa’s alumina refineries, well defined emissions 

profile and large amount of chemical measurement data available, presented a 

unique opportunity to investigate this highly characterised emission source input 

to the local atmosphere. 

 

Ambient air quality has been monitored and studied extensively in the airshed 

since 1999. As a result there are now, external reviews and assessments of the 

data, including VOCs sampling (DoE, Oct 2003), continuous monitoring (Alcoa, 

2004a; CSIRO, 2008) and atmospheric modelling (CSIRO, 2004).  

 

To better understand the local atmospheric chemistry, a detailed atmospheric 

chemical model has been developed and formed the basis of this research 

project. In order to understand the emissions profile from the industry a 

summary of the Bayer process for the production of alumina from bauxite is 

given in section 1.3.1, before the overall objectives of the project are given in 

section 1.4 

 

1.3.1 The Bayer Process 
 
The section gives an overview of the Bayer process. A simplified process flow 

diagram of the Alcoa refineries Bayer process is shown in figure 1.6 

 

The Bayer Process was first invented by Dr Karl Josef Bayer in 1894. It is the 

principal method to produce pure alumina (Al2O3) from refining bauxite, which is 

a naturally occurring mineral deposit rich in aluminium bearing minerals. It 

entails leaching of ground bauxite with caustic liquor under pressure, with 

subsequent separation of residual solids. Hydrate is then crystallised from the 

liquor and separated for calcination to alumina.  

 

Since the world first plant was opened in 1893, the Bayer process has changed 

very little (IAI, 2010). In general the process can be considered in three stages 

which are extraction, precipitation and calcination.  
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Figure 1.6 Alcoa refineries Bayer process schematic flow diagram 

 

1.3.1.1 Extraction 
 

Bauxite grinding 

The bauxite ore is crushed and milled to reduce the particle size and make the 

minerals more available for extraction. This is to ensure sufficient solid-liquid 

contact during the digestion phase, which improves the alumina extraction 

efficiency. 

 

Slurry production 

The aluminium-bearing minerals in bauxite - Gibbsite, Böhmite and Diaspore 

are selectively extracted from the insoluble components (mostly oxides) by 

dissolving them in hot concentrated sodium hydroxide (NaOH, i.e. caustic 

soda) to produce bauxite slurry: 

 

Gibbsite:  

Al(OH)3 + NaOH → Al(OH)4
- + Na+    (1.41) 

Böhmite and Diaspore:  

AlO(OH) + NaOH + H2O → Al(OH)4
-+ Na+   (1.42) 
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Digestion 

Additional caustic soda is added to the bauxite slurry in the digestion units to 

remove the hydrated alumina from other insoluble oxides: 

 

Al2O3.xH2O + 2NaOH → 2NaAlO2 + (x+1)H2O   (1.43) 

 

Conditions within the digestion units, i.e. concentration, temperature and 

pressure, are set according to the properties of the bauxite ore. Ores with a high 

Gibbsite content can be processed at 140°C. On the other hand, processing of 

Böhmite requires temperatures between 200°C and 240°C. At 240°C, the 

pressure is approximately 35 atm.  

 

The actual process conditions are defined by the steam pressure. Even though 

higher temperatures are often theoretically advantageous, there are 

disadvantages including corrosion problems and the possibility of oxides other 

than alumina dissolving into the caustic liquor. 

 

Clarification 

The insoluble bauxite residue is separated from the aluminium-containing liquor 

by settling after the extraction stage. The insoluble mud from the settling stage 

is thickened and washed to recover the caustic soda which is then recycled 

back into the extraction processes. The liquor is purified as much as possible 

through filters before transferring to the precipitators. 

 

1.3.1.2 Precipitation 
 

This process requires precise control on plant conditions including seeding or 

selective nucleation, precipitation temperature and cooling rate. Basically, this is 

the reverse of the extraction process. 

 

Crystalline aluminium trihydroxide (commonly known as hydrate) is precipitated 

from the digestion liquor: 

Al(OH)4
-+ Na+ → Al(OH)3 + NaOH    (1.44) 
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The hydrate is then classified according to size fractions and fed into a rotary or 

fluidised bed calcination kiln. Undersize particles are recycled to the start of the 

precipitation process as seed or nuclei crystals.  

 

1.3.1.3 Calcination 
 

"Hydrate", is calcined to form alumina (Al2O3). Alumina is a dry, pure white, 

sand-like material which is the feedstock for the aluminium smelting process.  

 

In the calcination process water is driven off to form alumina: 

2Al(OH)3  Al2O3 + 3H2O  (1.45) 

 

The calcination process must be carefully controlled since it dictates the 

properties of the final product.  

 

1.3.2 Alcoa refineries Bayer process emissions  
 

The Alcoa refineries use the Bayer process to refine alumina from bauxite ore 

as with the majority of other commercial alumina refineries throughout the world 

(Alcoa, 2004b).  

 

Bayer refinery emissions are inevitable by-products of the refining process.  

Emissions come from three main sources; fuel combustion, process stacks and 

fugitive dust.  These emissions include combustion products such as CO, NOx 

and SO2. Because Western Australia’s bauxite is rich in organic matter, a small 

amount of VOCs are also released to air.  Alcoa conducts an enormous amount 

of research and development and implements many control measures to 

minimise these air emissions. A big part of the Research and Development 

(R&D) has also been collecting comprehensive data on the emissions which 

detail the speciation and concentrations of the emitted compounds.  It is this 

dataset that feeds into the current work.   
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The process is highly monitored and over number of year has resulted in 

development of Alcoa’s in house database of emissions and monitoring. This 

has been made available for this study. 
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1.4 Objectives of research 

 

In this study, tailored chemical one-dimensional box-models embedded with an 

extended MCMv3.1 have been developed to investigate the connection 

between local air quality and the Alcoa refinery emissions for conditions typical 

of the area. It consists of a detailed analysis of the emissions and observational 

data from a well characterised industrial source. These emission data were 

input to construct the tailored highly detailed chemical models to simulate the 

chemical transformation under different ambient conditions. It is assumed that 

the emitted compounds were mixed homogeneously and dispersion only 

involves exchange with aloft layer. 

 

In addition, investigation of the Perth regional airshed was undertaken to give 

the first comprehensive analysis of conditions that lead to elevated ozone levels 

observed. This is aimed to gain understanding of VOC emission impacts in the 

larger Perth region with its increasing emissions projected from population and 

economic growth.  

 

The aims of this work were to investigate the targeted VOCs oxidation and the 

production of secondary pollutants downwind from alumina refinery emissions in 

comparison to the background ambient atmosphere, through:  

 

1. Identifying the possible levels of secondary organic products 

generated from the Refinery 

2. Identifying the chemical precursor species of the fine particles that 

could potentially be generated, and 

3. Determining the atmospheric processes which can be initiated on the 

timescales involved 

 

This was undertaken by developing tailored chemical zero-dimensional box-

models by: 

1. Analyzing and interpreting the available emissions and observational 

data 
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2. Constructing atmospheric degradation mechanisms for the model 

which would simulate the chemical transformations in the locality.  

 

The models were aimed at providing a detailed understanding of the 

atmospheric fate of the organic species generated from the Bayer refinery stack 

emissions (BRSE) under varying scenarios and seasonal conditions 

investigated through the detailed chemical modelling. 

 

Chapter 2 gives a summary and assessment of the extensive Alcoa database. 

Utilizing the best statistical approaches to estimate the alumina refinery mass 

emission distribution for 27 targeted VOCs, these 27 VOCs were assessed to 

comprise 96% of the total emission. Three different scenarios according to 

different plant operating conditions are defined. 

 

Chapter 3 describes the development of the tailored box models and for 5 of the 

target VOCs, i.e. vinyl chloride, ethylene oxide, acrolein, methacrolein and 

crotonaldehyde, degradation scheme development and extension. The first 

PTM based on the larger Perth regional aished, was intended to be downscaled 

to the Bunbury region. This model was originally designed to simulate the 

regional conditions that lead to elevated ozone levels (Saunders and Ma, 2003; 

Saunders and Todd, 2005). This model was updated and extended in this work. 

Through assessment of the available emissions inventory data, it was 

determined that the emissions profiles of the larger Perth region were classified 

as urban, and when scaled back would generate ozone levels significantly 

higher than observed in the Bunbury area. Hence for the Bunbury airshed, a 

new PTM, was developed to simulate the ambient conditions in the semi-rural 

airshed with biogenic emissions as the dominant VOC source. A third PTM then 

included a 3-hr characterized industrial emission entrained into the Bunbury 

ambient conditions.  

 

In chapter 4 a range of scenarios are studied and the model constrained by the 

best available data from the refinery emission inventory, Bunbury airshed 

inventory, local meteorological data and limited onsite measurements. The 

scenarios have been defined according to different plant operating condition, 

and their impacts on the evolving atmospheric chemistry investigated. As well 
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as the investigation of target species oxidation, chapter 4 also investigates the 

larger Perth region production of O3 and other secondary pollutants. 

 

Chapter 5 contains a summary of the main findings of this work. The importance 

of the findings and implications for the region are discussed. The method to 

investigate formation of secondary organic aerosol is discussed, with 

conclusions and suggestions for future work. 

 

The model development framework has numerous applications, and during the 

course of this study, new collaborations were established between the 

Atmospheric and Environment Chemistry Research Group (AECR) modelling 

group at UWA, and the team of Dr. Guo Hai at Hong Kong Polytechnic 

University. Major contribution has been made towards developing an MCM 

based airshed model for the Pearl River Delta region of South China. Details of 

this complimentary work are provided in the Appendix. 
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Chapter 3 Mechanism and Simulation model 

development 
 

3.1 Overview 

 

In this chapter the development of new and extended chemical degradation 

mechanisms is presented through section 3.1, for target species that were 

identified in chapter 2 as being significant in the Bunbury airshed. This is 

followed by a detailed description in section 3.2 on developing the airshed 

models. 

 

3.1.1 New target VOC mechanism development 
 

Based on local emissions in the Bunbury airshed, the National Pollution 

Inventory NPI, (NPI, 2007) and Alcoa’s in house evaluations, 27 species are 

targeted for this study. Of the 27 target species, 5 species degradation 

mechanisms needed to be created or expanded for this work. Vinyl chloride and 

ethylene oxide, identified in NPI did not exist in MCMv3.1; while acrolein, 

methacrolein and crotonaldehyde were not treated as primary emitted species.  

The mechanism development for these species is given in section 3.1.1-5. The 

process involves evaluation of current literature/updates, composing reactions 

with reference to the MCM protocols (see chapter 1, section 1.2.4.4) and 

ensuring consistency with the current MCM database. Furthermore, new 

reaction schemes had to be written such that there was no species duplication 

in either chemical structure or in the naming of the existing species. The 

mechanisms were developed until the product generated already existed in the 

current MCM database. For those reactions where no experimental data could 

be found, assessment was made using structure activity relationships or by 

analogy to similar species (Jenkin et al. 1997, Saunders et al. 2003). 
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3.1.2 Structure-reactivity relationship (SARs) and 

updates 
 

The assumption is made of the OH radical reacting with organic compounds 

proceeding mainly by four reaction pathways. The possibilities are H-atom 

abstraction from C−H and O−H bonds; OH radical addition to >C=C< and 

−C≡C− bonds; OH radical addition to aromatic rings; and OH radical interaction 

with N−, S− and P− atoms. 

The total rate constant (ktotal) is given by: 

 

ktotal = k(H-atom abstraction from C−H and O−H bonds) 

  k(OH radical addition to >C=C< and −C≡C− bonds) 

  k(OH radical addition to aromatic rings) 

  k(OH radical interaction with N−, S− and P− atoms) 

 

The OH radical reacts with most of the organic compounds via more than one of 

these pathways. They are dealt with separately according to the calculation and 

estimation of Kwok and Atkinson (1995).  

 

The SAR method has shown good agreement (within a factor of 2 generally) 

between experimental measurements and calculated rate constants (Atkinson, 

1987, 1988b; Müller and Klein, 1991; Meylan and Howard, 1993). It, however, 

does not perform well for fluoroethers (Zhang et al., 1992), ethers (including 

polyethers and cyclic ethers) (Wallington et al., 1988), certain haloalkenes 

(Atkinson et al., 1987) and haloalkanes containing –CF3 groups (Atkinson, 

1986).  

 

The presently available database (Kwok and Atkinson, 1995) has been used in 

this work. Several updates and new parameters have been made and 

calculated since the last update (See table 3.3a and b). 
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Group 
At k(298K) 

(cm3molecule -1 s-1) 
Reference 

kabst(ROC(O)H) 9.00×10-14 (Le Calve et al., 1997) 

kabst(OOH) 

3.59×10-12 

1.9×10-12exp(190/T) 

(temperature dependent value) 

(Aumont et al., 2005) 

Table 3.3a New group rate constants for H-atom abstraction  

 

X F(X) at 298 Ka Reference 

-OOH 8.4 (Atkinson et al. 1999) 

-OH 2.9(3.5) (Bethel, 2001) 

-OC(O)H 0.6 (Le Calve et al., 1997) 

-CH2OH 2.6 (Bethel, 2001) 

-CHOH 2.6 (Bethel, 2001) 

-COH 2.6 (Bethel, 2001) 

Table 3.3b New substituent factors F(X) at 298K 
a Values in parenthesis are those of Kwok and Atkinson (1995) 
 

By using these updated parameters, new rate constants have been calculated 

(Appendix C) 

 

3.1.3 Vinyl Chloride photo-oxidation mechanism 
 

3.1.3.1 OH initiation 
 

The vinyl chloride OH initiated reactions have been investigated by Howard 

(1976). It is suggested that the elimination of a Cl atom is a relatively minor 

reaction pathway. This implies the reaction of OH radicals with vinyl chloride 

can proceed via two pathways involving either: 

1) OH radical addition only to the ß-carbon atom. A 1, 2-migration of OH 

has an activation energy of ≥ 35 kcal mol-1, hence the determining rate is 

the 1, 2-migration. 

2) OH radical addition at both the α- and ß-position but mainly at the ß-

position. In this case, the 1, 2-migration of OH is slow enough to be 
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negligible. Therefore, the elimination reaction occurs only after OH 

radical addition at the α-position.  

 

Perry (1977) suggested pathway 2 is the more likely case concerning both the 

pressure dependencies of the overall rate constant and the amount of reaction 

proceeding via halogen atom elimination required for this class of organic 

compound. 

 

There are four measurements of the reaction of OH with vinyl chloride over a 

wide range of temperatures (from 296K to 1173K) ((Howard, 1976; Perry et al., 

1977; Liu et al., 1989; Yamada et al., 2001; Yamada T., 2001).The preferred 

overall rate coefficient for H-atom abstraction and OH addition is 8.49 x 10-12 

cm3 molecule-1 s-1 at 293 K (Yamada et al., 2001). With reference to SARs, the 

overall branching ratios in forming CH2OHCClOO• and CClOHCH2OO• are 0.29 

and 0.71 respectively. The key degradation mechanism and products are 

shown in figure 3.1. With reference to MCM protocols, the two peroxy radicals 

will react with the total peroxy radical pool (see chapter 1, section 1.2.4.4) 

represented by RO2 (excluding HO2) as follows: 

 
Reactions Branching ratio 

CClOHCH2O2 + RO2 = CHClOHCO 0.6 

CClOHCH2O2 + RO2 = CClOHCHO 0.2 

CClOHCH2O2 + RO2 = CH2OHCClOH 0.2 

 

Reactions Branching ratio 

CH2OHCClO2 + RO2 = CH2OHCClO 0.6 

CH2OHCClO2 + RO2 = CH2OHCOCl 0.2 

CH2OHCClO2 + RO2 = CH2OHCClOH 0.2 

 

As determined by the MCM protocols (Jenkin et al., 2003; Saunders et al., 

2003), the branching ratios are shown above. As preferred by IUPAC (Atkinson 

et al., 2006), the rate coefficient of these peroxy radicals with HO2 radicals is 7.8 

× 10-12 cm3 molecule-1 s-1. The alkoxy radical products are expected to rapidly 

decompose to HCHO, HO2 and CHOCl (Figure 3.1). 
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Figure 3.1 OH reaction with vinyl chloride 

α β 
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3.1.3.2 NO3 radical initiation reactions 
 

In the absence of experimental data, the reactions of NO3 with vinyl chloride are 

assumed to proceed via H-atom abstraction and addition at a rate of 2.3 ± 1.1 × 

10-16 cm3 molecule-1s-1 (Atkinson et al., 1987). The branching ratio is analogus 

to 1,1-dichloroethene. Two nitroperoxy radicals are formed. They will 

subsequently decompose to HCHO, NO2 and CHOCl (figure 3.2). 

 Figure 3.2 NO3 reaction with vinyl chloride 

Note: DEC=thermal decompositon 
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3.1.3.3 O3 Initiation reactions 

 
Figure 3.3 O3 reaction with vinyl chloride 

 

Vinyl chloride reacts slowly with O3 at a rate of 2.45 × 10-19 cm3 molecule-1s-1 

(Zhang et al., 1983). It produces two possible Criegee intermediates as shown 

in figure 3.3 which subsequently react to form HCHO, CHOCl and Cl.  
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3.1.3.4 Summary 
 

The constructed mechanism currently available for vinyl chloride consists of 86 

reactions and 31 species including six organic nitrates, five peroxy radicals, four 

ketones, three hydroperoxides, two aldehydes, two carboxylic acids and one 

PAN species (See appendix B).  

 

3.1.4 Ethylene Oxide degradation scheme 

 
3.1.4.1 OH initiation 
 

For the reaction of OH radicals with ethylene oxide, the rate constant at the 

room temperature from Wallington (1988) (0.95 ± 0.05×10-13 cm3 molecule-1s-1) 

is in good agreement with the previous study of Lorenz (1984) (0.81±0.16×10-13 

cm3 molecule -1 s-1). However, it is nearly a factor of 2 higher than the reported 

value by Atkinson (1986) (0.53 ± 0.10×10-13 cm3 molecule-1 s-1). Hence, the 

preferred 298 K coefficient is 0.95 ± 0.05×10-13 cm3molecule-1s-1.  

 

The products of the reaction of OH radicals with ethylene oxide in the presence 

of NO have not been investigated to date. Since ethylene oxide has a 

symmetrical structure, the H-abstraction from the methyl group will only proceed 

via one pathway. Following the MCM protocol, the products of the reaction are 

CO, CO2 and HCHO (figure 3.4).  

 

There are no experimental data of ethylene oxide reaction with NO3, O3 and 

photolysis available. Hence, they are not considered in this work.  

 

In summary, the currently available mechanism for ethylene oxide consists of 

18 reactions and 7 species including two peroxy radicals, two hydroperoxides, 

and two esters (See appendix B). 
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Figure 3.4 OH reaction with ethylene oxide 
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3.1.5 Acrolein degradation scheme 
 

As one of the targeted species from this project, acrolein has not been 

considered as primary emitted species in the current version of MCMv.3.1. It 

occurs as a degradation product in the 1, 3- butadiene mechanism. Therefore, it 

has been treated as a degradation product by applying the simplified MCM 

protocol rules. A comprehensive experiment has been conducted by Hynes et al. 

(2005) to investigate the photooxidation of acrolein in the presence of NOx. 

 

3.1.5.1 OH initiation 
 

In the MCMv.3.1 acrolein degradation mechanism, OH radicals react 

exclusively by abstracting the H-atom from the -CHO group. This leads to the 

acyl radical reacting with O2 to form an acylperoxy radical CH2=CHC(=O)OO•. 

 

Magneron et al. (2002) as well as Orlando and Tyndall (2002) suggest OH 

could add to either carbon of the double bond. Thus, two additional peroxy 

radicals, HOCH2CH(OO•)CHO and (OO•)CH2CH(OH)CHO, were added to the 

acrolein MCM mechanism.  

 

The rate coefficients for abstraction of the H-atom from the -CHO group and 

overall addition to the double bond are 1.36×10-11 cm3molecule -1 s-1 and 

6.4×10-12 cm3molecule-1s-1 respectively (Hynes et al., 2005). Based on 80% of 

OH addition assumed to occur at the terminal olefinic carbon ß to carbonyl 

group, the rate coefficients for OH addition to the ß and α olefinic carbons are 

taken to be 5.1×10-12 and 1.3×10-12 cm3molecule -1 s-1 respectively (Orlando 

and Tyndall, 2002).  

 

The branching ratio for the overall addition varies from a lower limit of 0.2 

(Magneron et al., 2002) to 0.32 (Orlando and Tyndall, 2002). The overall 

branching ratios in forming CH2=CHC(O)OO•, (OO•)CH2CH(OH)CHO and 

HOCH2CH(OO•)CHO are redefined as 0.68, 0.255 and 0.065 respectively. The 

key degradation scheme and products are shown in figure 3.5. 
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Figure 3.5 OH reaction with acrolein 
a Value in parenthesis is that of MCMv3.1 

DEC = thermal decomposition 
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3.1.5.2 NO3 initiation 
 

The overall reaction rate of acrolein with NO3 radicals has been updated from 

the MCMv3.1 value, 2.5×10-15 cm3molecule-1s-1 (Cabaňas et al., 2001), to 

1.72×10-13exp(1190/T) (3.30×10-15 at 298K) cm3molecule-1s-1 (Salgado et al., 

2008). The degradation remains the same as in MCMv3.1 (figure 3.6).  

 
Figure 3.6 NO3 reaction with acrolein 

 

3.1.5.3 O3 initiation 
 

Acrolein reacts slowly with ozone at a rate of 2.9×10-19 cm3molecule-1s-1 

(Atkinson et al., 1981). This reaction produces HCHO, glyoxal and two Criegee 

intermediates as shown in figure 3.7 which are already treated in the existing 

MCM database. 
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Figure 3.7 O3 reaction with acrolein 

 

3.1.5.4 Photolysis 
 

The photolysis of acrolein has been studied by Gardner et al. (1987), Magneron 

et al. (2002) and Hynes et al. (2005). Gardner reported the quantum yield for 

acrolein loss to be 0.065 at 313 nm and 1 atm pressure. By using TL12 lamps 

which cover the wavelength range 275 – 380nm, Magneron et al. (2002) 

reported the photolysis to be slow with no detectable products and the overall 

quantum yield for dissociation of 0.033 was calculated. However, Hynes et al. 

(2005) reported a large source of uncertainty in the wavelength dependence of 

the product quantum yields, especially over the wavelength range 350-390 nm 

where blacklight blue lamps are used. 

 

Based on the best available experimental data, the photolysis of acrolein has 

been modified from the current version MCMv3.1 which includes two separate 

photolysis rates, to a single photolysis rate. Through experiment and simulation, 

acrolein loss is assumed to be ~ 2×10-7s-1 over the JNO2 range (1.37 – 1.43)×10-
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2 s-1 (Hynes et al., 2005). The photolysis channels and branching ratios were 

adopted from Gardner et al. (1987). 

 
Reactions Branching ratio 

ACR = C2H4 + CO 0.4 

ACR = HCHO + HO2 + CO 0.3 

ACR = ACO3 0.3 

  

In total, there are 16 new species incorporated in the MCM database. In which, 

three of them are peroxy radicals, one hydroperoxide and one PAN-type 

species (see appendix B).  

 

3.1.6 Methacrolein degradation scheme 
 

Similar to acrolein, methacrolein has not been treated as a primary emitted 

species in the current MCMv3.1. It occurs as a degradation product in the 

isoprene mechanism. Nonetheless, extensive experiments have been 

conducted to investigate the gas kinetics of methacrolein (IUPAC, 2008). As a 

targeted species, it is essential to treat methacrolein explicitly by using MCM 

protocols and the available gas kinetic experimental data. 

 

3.1.6.1 OH initiation 
 

In the current MCMv3.1, OH radicals react exclusively by abstracting the H-

atom from the carbonyl group. This leads to the acyl radical reacting with O2 to 

form an acylperoxy radical CH3CH2=CHC(=O)OO•. The major degradation 

products include methacryloylperoxynitrate (MPAN), HCHO and HO2. 

 

The IUPAC preferred rate coefficients values are 2.9×10-11 cm3molecule-1s-1 at 

298 K and 8.0×10-12exp(380/T) cm3 molecule-1 s-1 over the temperature range 

230-380 K. The preferred 298K rate coefficient is based on the room 

temperature rate coefficients of Atkinson et al. (1983) and Gierczak et al. (1997). 

The pre-exponential factor is calculated from the preferred 298 K rate coefficient 

and the accepted temperature dependence from Gierczak et al. (1997). 
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Tuazon and Atkinson (1990) as well as Orlando (1999) have investigated the 

products of the reaction of OH radicals with methacrolein in the presence of NO. 

The reaction involves two pathways: H-atom abstraction from the CHO group 

and OH radical addition to the carbon atoms of the C=C bond. The acyl radical 

will then react with O2 to form an acylperoxy radical CH2=CHC(O)OO•. MPAN 

will then be formed in the presence of NO2. The rate coefficient of OH radicals 

with MPAN is updated from 3.6×10-12 cm3 molecule-1 s-1 to 2.9×10-11 cm3 

molecule-1
 s-1 (IUPAC, 2008). The H-atom abstraction from the -CHO group 

pathway is in the current MCMv3.1. However, it only accounts for 50% of the 

overall reaction at room temperature (Tuazon and Atkinson, 1990); and 

(Orlando et al., 1999). The rest of the reaction proceeds via OH radical addition 

to the C=C bond. In the presence of NO, this reaction would lead to the 

formation of intermediate hydroxyalkoxy radicals HOCH2C(O)(CH3)CHO and 

OCH2C(OH)(CH3)CHO. Tuazon and Atkinson (1990) have shown OH radical 

addition mainly occurs at the terminal CH2 moiety. According to the 

measurements from Tuazon and Atkinson (1990) as well as Orlando (1999), the 

formation yields of methyglyoxal and hydroxyacetone are 8.4% and 44% 

respectively. This is different from the suggested degradation scheme by 

Orlando (1999). In order to keep the integrity of the overall product yield and 

degradation schemes, the overall branching ratios in forming 

CH3CH2=CHC(O)OO•, HOCH2C(O)(CH3)CHO and OCH2C(OH)(CH3)CHO are 

redefined as 0.50, 0.42 and 0.08 respectively (figure 3.8). 
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Figure 3.8 OH reaction with methacrolein 
a Value in parenthesis is that of MCMv3.1 

DEC =  thermal decomposition 
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3.1.6.2 NO3 initiation 
 

According to (IUPAC, 2008) the overall rate coefficient has been updated to 

3.1×10-15 cm3 molecule-1 s-1 from the original MCM typical value. NO3 radicals 

are expected to mainly abstract the H-atom from the aldehydic group (IUPAC, 

2008). This 298 K preferred room temperature coefficient is the average of the 

relative rate coefficients of (Chew et al., 1998; Canosa-Mas et al., 1999). It is 

similar to that for the reaction of NO3 radicals with acetaldehyde.  

 

NO3 + CH3CH2=CHCHO  CH3CH2=CHC(O)OO• (in MCMv3.1) + HNO3 

 

The NO3 radical reaction with MPAN has been investigated. The preferred rate 

coefficient is 1.6×10-16 cm3 molecule-1 s-1 (IUPAC, 2008). However, this reaction 

is not included into our model since its removal rate is not significant under 

tropospheric conditions, i.e. the NO3 rate coefficient is smaller than 10-5×OH 

rate coefficient (Jenkin et al., 1997c; Saunders et al., 2003).  

 

3.1.6.3 O3 initiation 
 

The reaction of O3 with methacrolein has been updated. In the original MCM 

mechanism, the initial reaction is expected to proceed via addition of O3 to the 

C=C bond to form a primary ozonide. The ozonide, simultaneously, 

decomposes to methylgloyoxal + [CH2OO•]* and formaldehyde + 

[CH3C(OO•)CHO]* with an overall branching ratio of 50%-50%. 

 

The preferred rate coefficients are 1.2×10-18 cm3 molecule-1 s-1 at 298 K and 

1.4×10-15 exp(-2100/T) cm3 molecule-1 s-1 over the temperature range 240-330 

K (IUPAC, 2008). The temperature dependent value is adopted in the model. 

The reactions remain the same as in MCMv3.1. Grosjean (1993) reported that 

formation of methylgloyoxal + [CH2OO•]* is dominating. In addition, OH radicals 

are also reported with the overall yield as 20% (Aschmann et al., 1996). 

 

According to the reported data, new Criegee degradation branching ratios have 

been updated for [CH2OO•]* and [CH3C(OO•)CHO]* (figure 3.9). IUPAC (2008) 

reported an overall 16% formation of OH radicals through the degradation of 
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[CH2OO•]*; while the excited Criegee [CH3C(OO•)CHO]* reacts with oxygen to 

regenerate OH radicals  (Baeza-Romero et al., 2007). 

 

Instead of a 50-50 ratio from the original mechanism in MCMv3.1, the overall 

branching ratios in forming methylgloyoxal + [CH2OO•]* and formaldehyde + 

[CH3C(OO•)CHO]* are redefined as 0.88 and 0.12 respectively which leads to 

an overall OH yield of 20%, i.e. 0.88×0.16+0.12×0.5=0.20 (Johnson et al., 2000; 

Johnson and Marston, 2008) 

 

The reaction of O3 with MPAN has been investigated and incorporated by 

(IUPAC, 2008). It is expected to proceed mainly via addition of O3 to the C=C 

bond to form a primary ozonide. The ozonide, simultaneously, decomposes to 

formaldehyde, CO, NO2 and [CH3CHOO•]* (Jenkin et al., 1997c; Saunders et al., 

2003). Formaldehyde has been detected as a reaction product with a formation 

yield of 60 ± 10% (Grosjean et al., 1993).  
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Figure 3.9 O3 reaction with methacrolein 
a Value in parenthesis is that of MCMv3.1 

DEC =  thermal decomposition 
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3.1.6.4 Photolysis 
 

No recommendation is given by IUPAC regarding the photolysis rate of 

methacrolein. Hence, the rate coefficients remain the same as in MCMv3.1. The 

thermal decomposition of MPAN has also been updated from KBPAN (MCM 

typical value for PAN-type species) to 1.6×1016exp(-13500/T) s-1 over the 

temperature range 290-330K at 1bar. 
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3.1.7 Crotonaldehyde degradation scheme 
 

Similar to acrolein and methacrolein (sections 3.6 and 3.7), crotonaldehyde is 

treated as secondary species in MCMv3.1. As a targeted species, it is essential 

to treat crotonaldehyde explicitly by using MCM protocols and the available gas 

kinetic experimental data. 

 

3.1.7.1 OH initiation 
 

In the current MCMv3.1, analogous to the acrolein degradation mechansim, OH 

radicals exclusively abstracted the H-atom from the -CHO group. This leads to 

the acyl radical reacting with O2 to form an acylperoxy radical 

CH3CH=CHC(=O)OO•. The major degradation products include a PAN-type 

species, i.e. CH3CH=CHC(=O)OONO2 (CPAN), CH3CHO, HO2, CO2 and CO.  

The preferred rate coefficients values are 3.4×10-11 cm3 molecule-1 s-1 at 298 K. 

It is based on the room temperature rate coefficients of Magneron (2002), 

Orlando and Tyndall (2002) as well as Tuazon (2005). 

 

Orlando and Tyndall (2002) showed CH3CH=CHC(=O)OO• would be generated 

in about 50% yield from the reaction with OH radicals with crotonaldehyde. 

However, only 77% of the oxidation products could be identified on a per carbon 

basis. The most likely missing product is 2-hydroxypropanal CH3CH(OH)CHO. 

The reaction is expected to proceed mainly via H atom abstraction of the 

aldehydic hydrogen and OH addition to the C=C bond. The abstraction from the 

methyl group is negligible (Magneron et al., 2002). Hence, two peroxy radicals 

CH3C(OH)C(=O)OO• and C(OH)C(=O)CH3OO• are incorporated into the 

degradation mechanism. Reasonable product channel yields are attained by 

Orlando and Tyndall (2002): acetaldehyde and glyoxal via addition, 21%; 2-

hydroxypropanal and CO via addition, 35%; CPAN via abstraction, ~20%; 

CO+CO2+acetaldehyde via addition, 7% and 2CO2+acetaldehyde via addition 

19%. Based on the MCM protocol (Jenkin et al., 1997c; Saunders et al., 2003), 

the new OH initiated crotonaldehyde mechanism has been constructed (figure 

3.10). The overall branching ratios in forming CH3CH=CHC(=O)OO•, 
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CH3C(OH)C(=O)OO• and C(OH)C(=O)CH3OO• are assigned as 0.45, 0.35 and 

0.20 respectively. 

 

 
Figure 3.10 OH reaction with crotonaldehyde 
a Value in parenthesis is that of MCMv3.1 

DEC =  thermal decomposition 
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3.1.7.2 Photolysis 
 

Two identitical generic photolysis rates have been assigned for crotonaldehyde 

in the current MCMv3.1, i.e. J<18> and J<19> , as below.  

 
Rate Reaction 

J<18> and J<19> C4ALDB = ACR + CH3O2 

 

 

The study of Magneron et al. (2002) was able to calculate an effective quantum 

yield using the photolysis rate obtained experimentally (Jexp < 1.2 ± 0.2) × 10-5 s-

1), of øeff <0.030 ± 0.006; photolysis channels and products were not determined. 

 

Since the maximum value of J<18> and J<19> = 8.33×10-5 s-1, the photolysis 

rate is assigned a factor of 1.44 for J<18> to represent the maximum photolysis 

rate as 1.2×10-5 s-1. 

 

3.1.7.3 NO3 initiation 
 

In the current MCMv3.1, NO3 radical reaction with crotonaldehyde is not 

considered.  

 

Salgado (2008) reported the rate coefficient value as (1.35 ± 0.04)×10-14 cm3 

molecule-1 s-1 at 298 K and (5.02 ± 0.7)×10-13exp(-1076 ± 47/T) cm3 molecule-1 

s-1 over the temperature range 249-330 K. They are in fair agreement with the 

rate coefficients of Cabanãs et al. (2001) (1.61 ± 0.19)×10-14cm3 molecule-1 s-1 

at 298 K  and (5.22 ± 0.82)×10-11exp(-2418 ± 57/T) cm3 molecule-1 s-1 over the 

temperature range 298-433 K; and Ullerstam’s (2001) (6.0 ± 0.8)×10-15 cm3 

molecule-1 s-1 at 298 K). 

 

Although Salgado (2008) detected the main product yields from the NO3 radical 

reaction with crotonaldehyde as CPAN (93.6 ± 4.3%) and CO (8.3 ± 1.1%), 

Atkinson et al. (1987) suggested the NO3 radical reaction with crotonaldehyde is 

expected to proceed via both H-atom abstraction and initial NO3 radical addition 

to the C=C bond. Considering CPAN as the major product of the H-atom 
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abstraction pathway, the mechanism remains unclear to date based on the 

experimental results. The preferred rate coefficient value is based on Salgado’s 

(2008).  

 

Based on MCM protocols (Jenkin et al., 1997c; Saunders et al., 2003), a 

degradation mechanism for NO3 radicals with crotonaldehyde has been 

proposed. Two new peroxy radicals have been incorporated. Overall branching 

ratios in forming CH3CH=CHC(=O)OO•, CH3C(ONO2)C(=O)CHOO• and 

C(=O)C(ONO2)(CH3)CHOO• are assigned as 0.65, 0.175 and 0.175 

respectively (figure 3.11). 

 
Figure 3.11 NO3 reaction with crotonaldehyde 
DEC =  thermal decomposition 
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3.1.7.4 O3 initiation 
 

The reaction of O3 with crotonaldehyde was not considered in the MCMv3.1. 

Sato et al. (2004) reported the rate coefficients as 1.58 ± 0.23×10-18 cm3 

molecule-1 s-1 at 298 K which is in good agreement of the value of Grosjean and 

Grosjean (1998) (1.74 ± 0.20×10-18 cm3 molecule-1 s-1 at 298 K). Hence, the 

rate coefficient from Sato et al. (2004) is preferred. 

 

The initial reaction is expected to proceed via addition of O3 to the C=C bond to 

form a primary ozonide. The ozonide, simultaneously, decomposes to 

acetaldehyde + [HC(O)CHOO•]* and glyoxal + [CH3CHOO•]*. The formation 

yields of acetaldehyde, glyoxal, formaldehyde and cyclohexanone are reported 

to be 0.43 ± 0.03, 0.47 ± 0.02, 0.08 ± 0.01 and 0.028 ± 0.002 respectively 

(Grosjean and Grosjean, 1997). 

 

The overall branching ratios in forming acetaldehyde + [HC(O)CHOO•]* and 

glyoxal + [CH3CHOO•]* are defined to a 50-50 ratio which corresponds to the 

major carbonyl products, i.e. acetaldehyde, glyoxal and formaldehyde, 

formation yields (figure 3.12). 

 
Figure 3.12 O3 reaction with crotonaldehyde 
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3.1.8 Summary 
 

Through extension of the already existing and development of new target 

species mechanisms, overall 61 new organic species and 325 reactions have 

been incorporated into the current MCMv3.1 database (see appendix B). The 

rate coefficients and atmospheric lifetime of the extended and newly 

incorporated species are listed in table 3.1.  

 

Rate coefficients 
(cm3molecule-1s-1) 

Lifetime for reaction with Targeted 

species 
NO3 OH O3 NO3 (day)a 

OH 

(hour)b 
O3 (day)c 

Acrolein 2.50E-15 2.00E-11 2.90E-19 18.52 13.89 57.02 

Crotonaldehyde 6.00E-15 3.4E-11 1.58E-18 7.72 8.17 10.46 

Methacrolein 3.40E-15 2.9E-11 1.20E-18 13.62 9.58 13.78 

Vinyl chloride 2.30E-16 8.49E-12 2.45E-19 201.29 32.72 67.49 

Ethylene oxide  9.50E-14   121.83  

Table 3.1 Rate coefficients and atmospheric lifetime for developed targeted species 
a Assumed NO3 radical concentration: 2.5×108 molecules cm-3, 12-h nighttime average (Shu and Atkinson, 

1995) 

b Assumed OH radical concentration:1.0×106 molecules cm-3,12-h daytime average (Atkinson, 1987) 

c Assumed O3 radical concentration: 7.0×1011 molecules cm-3, 24-h average (Shu and Atkinson, 1995) 
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3.2 Model developments 

 

A three dimensional model (TAPM) has previously been developed for the 

Bunbury area (CSIRO, 2004; Rayner et al., 2009) to investigate the effect of 

Alcoa alumina refinery emissions on the local air quality. Though 2-D, 3-D 

models have advantages in investigating the dispersion and meteorology of the 

domain, they have limitations in the number of VOCs and the chemical 

mechanism that can be used. This leads to limitations in calculating short lived 

species which are a health concern e.g. ozone and PAN. In this study, two zero-

dimensional photochemical transport models embedded with explicit chemical 

mechanisms, i.e. MCM, for the lower troposphere were developed to carry out 

an investigation of the photochemical oxidation in the region. Sections 3.2.1-4 

show the development of the models and updates that have been incorporated. 
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3.2.1  IUPAC updates 
 

The complex rates are updated according to IUPAC recommended value (IUPAC, 2008). 

Complex Rate K0 Ki Fc Reference 
KMT05 1.30E-13   IUPAC 2001 
 1.44E-13   IUPAC 2005 
KMT12 4.00D-31*((TEMP/300)@-3.3)*M 2.00D-12 0.45 IUPAC 2001 
 4.50D-31*((TEMP/300)@-3.9)*M 1.3e-12*(TEMP/300)@-0.7 0.525 IUPAC 2003 
KMT13  7.5D-12  IUPAC 2001 
  1.8D-11 *(TEMP/300)@0*EXP(0/TEMP)  IUPAC 2003 
KMT14   0.36 IUPAC 2001 
   0.6 IUPAC 2003 
KMT15 7.00D-29*((TEMP/300)@-3.1)*M 9.00D-12  IUPAC 2001 
 8.60D-29*((TEMP/300)@-3.1)*M 9.00D-12 *(TEMP/300)^-0.85   
KMT16 3.00D-27*((TEMP/298)@-3.0)*M 3.0E-11  IUPAC 1994 
 8.00D-27*((TEMP/300)@-3.5)*M 3.00D-11*((TEMP/300)@-1)  IUPAC 2005 
KMT17 5.00D-30*((TEMP/298)@-1.5)*M 9.40D-12*EXP(-700/TEMP) (EXP(-TEMP/580) + EXP(-2320/TEMP)) MCM 1997 
 5.00D-30*((TEMP/300)@-1.5)*M 1.0E-12 none IUPAC 2005 
Table 3.2.1 Updated complex rates. 
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3.2.1.1 Photolysis 
 

A two-stream isotropic scattering model was developed by (Hough, 1988) to 

determine photolysis rates for a range of inorganic and organic species.  In the 

current version of MCMv3.1, the photolysis rates have been determined by using 

this two stream isotropic model set at conditions of: 

 

Date: 1st July, summer time in Northern Hemisphere 

Weather: Clear sky 

Height: 0.5km 

Latitue:45oN 

 

The variation of photolysis rates with solar zenith angle (X) is described by the 

following equation: 

 

 (v) 

 

where l, m and n are coefficients determined for each photolysis reaction by curve 

fitting the calculated j-values. They are calculated by considering a combination of 

the solar actinic flux, the quantum yield ( ) and the absorption cross-section ( ) 

between 200 and 700 nm. 

 

However, the laboratory measured cross sections and quantum yields for these 

reactions have not been updated since 1997. There have been several recent 

studies for organic species including more complex carbonyl compounds. Ongoing 

evaluation of and  data have been reviewed and evaluated by the IUPAC and 

NASA panels (Atkinson et al., 2004; Atkinson et al., 2006; NASA, 2006; Atkinson et 

al., 2007; Atkinson et al., 2008; IUPAC, 2008).  

 

In addition, the MPI-Mainz-UV-VIS Spectral Atlas provides a comprehensive 

collection of absorption cross sections for gaseous molecules and radicals, 

primarily relevant to atmospheric research, from measurements performed during 
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the last nine decades. The database contains more than 4900 data files for some 

830 species and more than 2100 graphical representations.  

 

3.2.1.1 Updates on photolysis calculation 
 

Since photolysis rates for particular organic compounds vary with different solar 

zenith angle; and solar zenith angle can be calculated in particular location (i.e. 

latitude and longitude), day of the year and time of the day. It is essential to tailor a 

set of photolysis rates specific for the Western Australia domain situated in the 

southern hemisphere for this work. A similar approach was conducted by (Pinho et 

al., 2009) for Portugal in Europe. The photolysis coefficients were calculated using 

the photon flux determined from application of the Tropospheric Ultraviolet and 

Visible Radiation (TUV) Model. The TUV model is developed by NCAR 

Atmospheric Chemistry Division (ACD). It is used over the wavelength range 121-

750 mm for calculating the spectral irradiance, the spectral actinic flux, 

photodissociation coefficient and biologically effective irradiance (dose rates, doses) 

(Madronich, 1998).  

 

Instead of the two stream model used in the original MCM, a polynomial model with 

up to degree of 6 is introduced to describe the photolysis rates in the study area, 

i.e. J=Y0+acos(χ)+bcos(χ)2+ccos(χ)3+dcos(χ)+4ecos(χ)5+fcos(χ)6. Typical winter 

and summer photolysis rates for different inorganic and organic species have been 

calculated explicitly for the Bunbury airshed in 2006. The absorption cross-sections 

and quantum yields for the revised photolysis reactions and parameters assigned 

as function of solar zenith angle (c) used in this study are given in Table 3.2.1.1a 

and b. 
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Reactions Photolysis Y0 a b C d e f R2 

O3 → O2 + O(1D) J<1>  4.837E-07 1.485E-05 1.485E-05    1.00E+00 

O3 → O2 + O(3P) J<2> 1.272E-05 4.435E-04 2.902E-03 -1.742E-03 -2.341E-02 4.865E-02 -2.776E-02 9.98E-01 

H2O2 → 2OH J<3>  2.379E-06 1.384E-05 -6.543E-06    9.99E-01 

NO2 → NO + O(3P) J<4> 1.493E-04 6.146E-03 2.531E-02 -2.337E-02    9.99E-01 

NO3 → NO + O2 J<5> 6.684E-04 2.533E-02 1.704E-01 -1.090E-01 -1.425E+00 2.983E+00 -1.706E+00 9.99E-01 

NO3 → NO2 + O(3P) J<6> 4.368E-03 1.764E-01 1.285E+00 -5.417E-01 -1.101E+01 2.205E+01 -1.236E+01 9.99E-01 

HNO2 → OH + NO J<7> 2.390E-05 1.256E-03 5.470E-03 -4.815E-03    9.99E-01 

HNO3 → OH + NO2 J<8>  9.627E-08 7.537E-07 1.824E-07    9.99E-01 

CH2O → H + HCO J<11>  5.084E-06 4.156E-05 5.587E-05 -6.920E-05   1.00E+00 

CH2O → H2 + CO J<12>  2.021E-05 1.086E-04 -7.205E-05    9.99E-01 

CH3CHO → CH3 + HCO J<13>  4.750E-08 3.547E-06 1.557E-05 -1.194E-05   1.00E+00 

C2H5CHO → C2H5 + HCO J<14>  1.411E-06 1.764E-05 4.468E-05 -4.089E-05   1.00E+00 

CH2=C(CH3)CHO → Products J<18><19> 2.015E-08 2.799E-06 1.369E-05 -1.054E-05    1.00E+00 

CH3COCH3 → CH3CO + CH3 J<21>  -4.237E-09 1.270E-07 6.283E-07    1.00E+00 

CH3COCH2CH3 → CH3CO + 

CH2CH3 J<22>  5.188E-07 6.613E-06 1.699E-05 -1.558E-05   1.00E+00 

CH3COCHCH2 → Products J<23><24>  1.598E-06 8.991E-06 -5.006E-06    9.99E-01 

CHOCHO → CH2O + CO J<33> 1.659E-06 4.928E-05 1.828E-04 -1.826E-04    9.99E-01 

CHOCHO → HCO + HCO J<32> 3.385E-07 1.660E-05 6.500E-05 -9.023E-05 2.898E-05   9.99E-01 

CH3COCHO → CH3CO + HCO J<34> 1.160E-06 6.919E-05 3.095E-04 -2.548E-04    1.00E+00 

CH3COCOCH3 → Products J<35> 7.423E-06 2.226E-04 1.117E-03 -1.743E-04 3.744E-03 3.228E-03  1.00E+00 

Table 3.2.1.1a Parameters assigned as function of solar zenith angle (χ) calculated using Tropospheric Ultraviolet and Visible Radiation Model for clear sk 

conditions at an altitude of 0.5 km on 30 August 2006 in Bunbury. J=Y0+acos(χ)+bcos(χ)2+ccos(χ)3+dcos(χ)+4ecos(χ)5+fcos(χ)6 



 151 

Table 3.2.1.1a (continued) Parameters assigned as function of solar zenith angle (χ) calculated using Tropospheric Ultraviolet and Visible Radiation Model for clear 

sky conditions at an altitude of 0.5 km on 30 August 2006 in Bunbury. J=Y0+acos(χ)+bcos(χ)2+ccos(χ)3+dcos(χ)+4ecos(χ)5+fcos(χ)6 

Reactions Photolysis Y0 a b C d e f R2 

CH3OOH → CH3O + OH J<41>  2.007E-06 1.130E-05 -6.093E-06    9.99E-01 

CH3ONO2 → CH3O + NO2 J<51>  1.292E-07 1.042E-06 2.957E-07    9.99E-01 

CH3CH2ONO2 → CH3CH2O + NO2 J<52>  2.229E-07 1.756E-06 3.962E-07    9.99E-01 

C(CH3)3(ONO2) → C(CH3)3(O.) + NO2 J<55> 9.546E-09 6.881E-07 7.132E-06 1.611E-05 -1.573E-05   1.00E+00 

CH3COCH2(ONO2) → CH3COCH2(O.) + NO2 J<56> 1.659E-06 4.928E-05 1.828E-04 -1.826E-04    9.99E-01 

 

Reactions Photolysis Y0 a b c d 

O3 → O2 + O(1D) J<1>  4.000E-07 3.000E-05 3.000E-05  

O3 → O2 + O(3P) J<2> 2.822E-05 5.895E-04 1.490E-03 -3.216E-03 1.644E-03 

H2O2 → 2OH J<3>  2.652E-06 1.482E-05 -7.706E-06  

NO2 → NO + O(3P) J<4> 3.427E-04 6.831E-03 1.996E-02 -1.599E-02  

NO3 → NO + O2 J<5> 1.631E-03 3.385E-02 8.299E-02 -1.928E-01 1.011E-01 

NO3 → NO2 + O(3P) J<6> 1.078E-02 2.517E-01 6.598E-01 -1.456E+00 7.450E-01 

HNO2 → OH + NO J<7> 5.926E-05 1.398E-03 4.509E-03 -3.486E-03  

HNO3 → OH + NO2 J<8>  1.082E-07 9.974E-07 -1.467E-07  

CH2O → H + HCO J<11>  9.029E-06 6.180E-05 -2.710E-05  

CH2O → H2 + CO J<12> 8.101E-08 2.250E-05 1.069E-04 -6.822E-05  

CH3CHO → CH3 + HCO J<13>  6.292E-07 8.186E-06 -3.612E-07  

C2H5CHO → C2H5 + HCO J<14>  2.403E-06 2.078E-05 2.931E-05 -2.524E-05 

Table 3.2.1.1b Parameters assigned as function of solar zenith angle (χ) calculated using Tropospheric Ultraviolet and Visible Radiation Model for clear sky 

conditions at an altitude of 0.5 km on 22 December 2006 in Bunbury. J=Y0+acos(χ)+bcos(χ)2+ccos(χ)3+dcos(χ)4 

c
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Table 3.2.1.1b (continued) Parameters assigned as function of solar zenith angle (χ) calculated using Tropospheric Ultraviolet and Visible Radiation Model for clear 

sky conditions at an altitude of 0.5 km on 22 December 2006 in Bunbury. J=Y0+acos(χ)+bcos(χ)2+ccos(χ)3+dcos(χ)4 

Reactions Photolysis Y0 a b c d 

CH2=C(CH3)CHO → Products J<18><19> 7.461E-08 3.123E-06 1.235E-05 -8.603E-06  

CH3COCH3 → CH3CO + CH3 J<21>  -6.282E-09 2.925E-07 4.209E-07  

CH3COCH2CH3 → CH3CO + CH2CH3 J<22>  1.333E-06 1.202E-05 -2.89E-06  

CH3COCHCH2 → Products J<23><24>  1.779E-06 9.329E-06 -5.34E-06  

CHOCHO → CH2O + CO J<33> 3.880E-07 1.859E-05 6.576E-05 -1.004E-04 4.072E-05 

CHOCHO → HCO + HCO J<32> 1.235E-06 5.909E-05 2.090E-04 -3.191E-04 1.294E-04 

CH3COCHO → CH3CO + HCO J<34> 2.913E-06 7.696E-05 2.632E-04 -1.896E-04  

CH3COCOCH3 → Products J<35> 8.077E-06 3.159E-04 1.041E-03 -1.791E-03 7.896E-04 

CH3OOH → CH3O + OH J<41>  2.233E-06 1.175E-05 -6.545E-06  

CH3ONO2 → CH3O + NO2 J<51>  1.455E-07 1.402E-06 -1.928E-07  

CH3CH2ONO2 → CH3CH2O + NO2 J<52>  2.512E-07 2.327E-06 -3.795E-07  

CH3CHONO2CH3 → CH3CHOCH3 + NO2 J<54>  4.706E-07 4.095E-06 -8.730E-07  

C(CH3)3(ONO2) → C(CH3)3(O.)+ NO2 J<55>  2.000E-06 1.000E-05 -4.000E-06  

CH3COCH2(ONO2) → CH3COCH2(O.) + NO2 J<56>  8.000E-06 6.000E-05 -2.000E-05  
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3.2.2 Bunbury Airshed 
 

The Bunbury region encompasses an area of approximately 165 km (east-west) 

and 234 km (north-south). It corresponds to a total area of 38,610 km2 and a 

land area of 24,983 km2. The population in the study region has approximately 

270 thousand people. The region has a typical Mediterranean climate with 

warm, dry summers and cool, wet winters. May to September is the rainfall 

season.  

 

In 2002/2003, the Bunbury Regional Airshed has been identified as a priority for 

aggregated emissions reporting as part of the National Pollutant Inventory (NPI, 

2007). The NPI has been developed as a National Environmental Protection 

Measure (NEPM) by the National Environmental Protection Council (NEPC) in 

Australia. Aggregated emissions are emissions from sources which do not 

trigger the NPI reporting thresholds; however, they may have a significant 

contribution to the total emissions in the Airshed due to their number or 

distribution.  The aggregated emissions are estimated as the amount of 

pollutants emitted to the atmosphere annually from a) point source facilities, i.e. 

reporting industrial facilities; b) natural emissions, i.e. biogenic and biomass 

burning; c) anthropogenic sources, other than reporting industrial facilities, 

which emit a significant amount of pollutants to the atmosphere.    

 

The Bunbury Regional Airshed has very diverse economic activities, including 

mining, agriculture, tourism, forestry and manufacturing. It produces all of 

Western Australia’s coal. It also produces alumina, mineral sands and other 

metals such as tin. In agriculture, the products are diverse ranging from beef 

and diary cattle, fruit and vegetables to viticulture and wool. Compared to other 

regions of Western Australia, the fishery industry in Bunbury Regional airshed is 

small.  

 

In the Bunbury Regional Airshed, natural emissions are the dominant source of 

NOx and total VOCs; whilst anthropogenic emissions are the dominant sources 

of CO, SO2, PM10 and lead (NPI, 2007). Emissions of the pollutants listed in the 

Ambient Air Quality NEPM (NEPC, 1998) (including total VOCs) are listed 

below. 
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• Total VOCs emissions are 140,000,000 kg/yr. These are predominantly 

arising from natural sources with biogenic sources contributing 85.7% and 

wildfires contributing 3.1%. 

• Total NOx emissions are 50,000,000 kg/yr. Biogenic sources contribute 30% 

of the total emission; while electricity generation, basic non-Ferrous metal 

manufacturing and motor vehicles contribute 23.7%, 14.7% and 11% 

respectively. 

• Total CO emissions are 140,000,000 kg/yr. Motor vehicles contribute 31.7%; 

while wildfires, solid fuel burning and basic chemical manufacturing 

contribute 31.1%, 12.3% and 9.5% respectively.  

• Total SO2 emissions are 61,000,000 kg/yr. Electricity generation contributes 

73.7% of the total emissions; while basic non-Ferrous metal manufacturing 

and metal ore mining contribute 12.3% and 12.2% respectively.  

• Total PM10 emissions are 150,000,000 kg/yr. The emissions from paved and 

unpaved roads dominate with 73.8%; whilst metal ore mining and windblown 

dust contribute 8.9% and 8.5% respectively.  

• Total Lead emissions are 400,000 kg/yr. It is dominated by dust from paved 

and unpaved roads (96.5%) 
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3.2.3 Ambient model 
 

A highly detailed photochemical model to simulate the development of the 

photooxidants in the Bunbury airshed has been developed based on the diffuse 

sources of the Bubury airshed inventory, a spatial speciated inventory (SKM, 

2003).  

 

The emissions data (both anthropogenic and biogenic) were girded over 3 by 3 

km grid and were spatially allocated by road centreline segments, population 

distribution and land usage (figure 3.13). The emission data were scaled to 

match the box model size, i.e. 15 by 15 km. 

 
Figure 3.13 The emission grid of the Bunbury Regional Airshed (SKM, 2003) 

 

The model is constrained with local meteorology and emission conditions 

excluding the industrial source. The air parcel which encompasses the region’s 

emissions extends to the top of the boundary layer and horizontally to a 15 x 15 

km grid. The depth of the model boundary layer starts at 300 m at 06:00 hrs and 

rises at a constant rate of increase throughout the morning reaching a height of 

1800 m by 14:00 hr. 

 

The Bunbury airshed emission is dominated by natural sources (NPI, 2007); 

(SKM, 2003) with Eucalyptus as the major plant species in the region. Isoprene 

and monoterpenes are the major biogenic emitted VOCs species. Combining 



 156 

with transport emissions, a total of >90% of the local emissions are covered. 

Hence, the speciated mass emission distribution of SO2, NOx, Anthropogenic 

VOCs (AVOCs) and CO in this model are taken from the natural sources and 

transport sectors as summarised in table 3.2.3. 

 
Hour SO2 NOx AVOC CO 

1 7.91E+01 2.16E+03 1.90E+04 1.33E+04 

2 5.93E+01 1.62E+03 1.68E+04 1.33E+04 

3 1.15E+02 3.12E+03 1.45E+04 1.37E+04 

4 1.13E+02 3.07E+03 1.56E+04 1.43E+04 

5 1.58E+02 4.31E+03 1.45E+04 1.38E+04 

6 2.57E+02 7.00E+03 1.68E+04 1.38E+04 

7 3.90E+02 1.06E+04 2.41E+04 1.33E+04 

8 1.78E+02 4.85E+03 2.43E+04 1.24E+04 

9 1.17E+02 3.18E+03 1.12E+04 1.23E+04 

10 1.15E+02 3.12E+03 7.82E+03 1.22E+04 

11 8.90E+01 2.42E+03 1.12E+04 1.22E+04 

12 6.33E+01 1.72E+03 9.38E+03 1.21E+04 

13 6.92E+01 1.89E+03 6.70E+03 1.21E+04 

14 7.51E+01 2.05E+03 6.93E+03 1.21E+04 

15 7.91E+01 2.16E+03 1.05E+04 1.22E+04 

16 8.31E+01 2.26E+03 9.38E+03 1.22E+04 

17 8.50E+01 2.32E+03 6.70E+03 1.22E+04 

18 1.34E+02 3.66E+03 1.30E+04 1.23E+04 

19 1.19E+02 3.23E+03 2.90E+04 1.29E+04 

20 7.51E+01 2.05E+03 2.68E+04 1.34E+04 

21 5.93E+01 1.62E+03 2.28E+04 1.35E+04 

22 4.94E+01 1.35E+03 2.12E+04 1.33E+04 

23 7.91E+01 2.16E+03 2.35E+04 1.33E+04 

24 7.51E+01 2.05E+03 2.19E+04 1.35E+04 

Total (kg/day) 2.72E+03 7.40E+04 3.84E+05 3.10E+05 

Total (kg/year) 9.91E+05 2.70E+07 1.40E+08 1.13E+08 

Table 3.2.3 Derived diurnal variation of SO2, NOx, AVOC and CO emission 

 

3.2.3.1 Anthropogenic emissions estimation 
 

The approach documented in the Emission Estimation Technique (EET) Manual 

for Aggregated Emissions from Motor Vehicles  (Environment Australia, 2000) 

was closely followed to estimate the motor vehicle aggregated emissions. 
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Speciation of VOCs emissions has been carried out by using the recommended 

methodology in the EET Manual. The spatial allocation was based on the grid 

based vehicle kilometres travelled estimation (SKM, 2003). 

 

CSIRO (2008) indicated the influence of highways to the local chemical 

composition in the Bunbury airshed. Vehicular exhaust indicators, e.g. benzene 

and toluene, were observed. The total emission of toluene and benzene 

accounts for 1.1% of the total VOCs emission in the Bunbury airshed. 

Concentrations of these species peak in the early morning and early evening 

while stable atmospheric conditions prevail. The observation of more toluene 

than benzene has further proven the effect of vehicular emission as vehicle 

exhaust contains substantially more toluene than benzene (Duffey et al. 1998). 
	  

3.2.3.2 Biogenic emissions estimation 
 

A modified version of the Biogenic Emission Inventory System (BEIS) was used 

to estimate VOCs emissions from vegetation in the Bunbury Regional Airshed. 

BEIS was developed by the USEPA and is widely used for biogenic inventory 

studies throughout north America (EPAV, 2002). It estimates the BVOCs 

emissions by determining isoprene, monoterpenes and other VOCs from 

vegetation based on a temperature dependant function, vegetation density 

index and solar radiation. 

 

Vegetation types and their spatial distribution; classification of the vegetation 

density, hourly temperature and solar radiation data are required to estimate the 

emissions. The primary source of vegetation type and coverage is a detailed 

map compiled by the WA Department of Agriculture and provides the primary 

source of vegetation and coverage.  

 

Total solar radiation data was obtained from the Alcoa Metrological site near the 

intersection of the Southwest Highway and Bancell Road. The temperature data 

was obtained from the Bureau of Meteorology station at Bunbury. These were 

assumed to be representative of the Bunbury Regional Airshed. 
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Vegetation Classification 
 

Table 3.2.3.2 shows the emission factors for BEIS which are based on the 

Bunbury Regional Airshed land usage. The specific land usage was obtained 

from the Western Australian Agricultural Department for three levels of land use 

ranging from a broad to a specific classification.  
	  

Emission factor 1 (µg m-2 hr-1) 
Land Usage 

Isoprene Monoterpenes Other VOCs Total BVOCs 

Pasture2 32.5 32.5 585 650 

Crop3 55 80 48 183 

Broadacre3 15 6 9 30 

Horticulture3 38 95 57 190 

Settlement 3 409 162 201 772 

Bare3 0 0 0 0 

Water3 0 0 0 0 

Native Vegetation4 9,556 480 175 10,200 

Regrowth4 9,556 480 175 10,200 

Pine Forests5 79 2,380 1,295 3,750 
Table 3.2.3.2 Emission factors for BEIS 

Note: 

1. Emission rate normalised to 30°C and photosynthetically active radiation of 1000 µmol/m2/s1 

2. Derived from Kirstine et al. (1998) 

3. Obtained from the South East Queensland Region NPI study (EPAV, 2002) 

4. Derived from dominant local species after He et al. (2000a) 

5. Obtained from BEIS v2.3 (Radian Corporation, 1996) 

 

To estimate BVOCs emissions, the BEIS system uses two equations. Equation 

(vi) is used to estimate emissions from forested areas; while equation (vii) is 

used to determine the emissions from other sources. 

 

 (vi) 

 (vii) 
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Where: 

ERi= emission rate of substance i (g hr-1) 

A=Area of vegetation unit j (m2) 

FFj=Foliage cover (%) 

EFij Emission factor by land use (ug m-2 hr-1) 

CL=Light (canopy) correction factor 

CT=Temperature correction factor 

	  

The Photosynthetically Active Radication flux is assumed to be 1,000 µmol m-2 

s-1 at 30oC. Based on the mean value used by (Cope and Ischtwan, 1995) for a 

Jarrah/Marri forest, the biomass density is set as 345 g m-2. Estimated isoprene 

and monoterpene emissions are 9108 µg cm-2 hr-1 and 480 µg cm-2 hr-1 

respectively. (Winters et al., 2009) also suggested the emission of short-

chained carbonyl compounds from Eucalyptus species in southern Australia. 

The emission rates for acetone, formaldehyde and acetaldehyde are 4 nmol m-2 

min-2, 75 nmol m-2 min-2 and 34 nmol m-2 min-2 respectively. These short-

chained carbonyl species are listed as other VOCs in the BVOCs emission of 

this study. 

 

In a Mediterranean climate like southwest Australia, the isoprene emission rate 

is at its maximum during the daytime when solar radiation and temperature are 

higher. It decreases to an undetectable level with nightfall (Nunes and Pio, 

2001). 

 

Monoterpene emissions peaks at noon, midnight and pre-dawn (He et al., 

2000b). The noon emission peak is suggested to relate to the maximum leaf 

temperature. In fact, leaf temperature could be the major factor controlling the 

diurnal variations in monoterpene emission rates (He et al., 2000b). The pre-

dawn peak is suggested to relate to the leaf wetting conditions due to moisture 

and high relative humidity (>90%) (Dement et al., 1975) though it is not affected 

by low relative humidity (Yokouchi and Ambe, 1984; Loreto, 1996). The 

controlling factor of midnight peak is unknown. The diurnal variations of major 

biogenic species in winter and summer time are illustrated in figure 3.14a and b. 
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Figure 3.14a Biogenic emission diurnal variation in typical winter time 

 

 
Figure 3.14b Biogenic emission diurnal variation in typical summer time 

 

3.2.3.3 Initial conditions 
 

Due to the difference in biological activities in winter and summer time, the 

contribution of VOCs emission from the biogenic sector would vary according to 

solar radiation, humidity and temperature. It is envisaged that anthropogenic 

emissions including SO2, CO, NOx and AVOCs would remain the same in both 

winter and summer scenario while biogenic emission will increase from 585000 

kg/day in winter scenario to 780000 kg/day in summer scenario. The ratio of 

VOCs emission from biogenic and anthropogenic sources is listed in table 

3.2.3.3.   
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 Winter scenario Summer scenario 

Biogenic 0.6 0.99 

Anthropogenic 0.4 0.01 
Table 3.2.3.3 AVOCs and BVOCs emission ratio comparison between winter and summer 

scenarios  

 

The meteorological conditions for the Bunbury region are extracted from the 

Alcoa Metrological site near the intersection of the Southwest Highway and 

Bancell Road (figures 3.15a, b and c). This station gives real time data for 

atmospheric pressure, humidity, rainfall and temperature (Alcoa, 2004c).  

 

The aloft concentration data are not available for the Bunbury airshed but it is 

assumed to be similar to the setting as in the Perth Photochemical Smog Study 

(PPSS) (Cope and Ischtwan, 1995).  

 

The initial concentrations were defined according to in-situ monitoring data 

(CSIRO, 2008) and 2009. Over the winter 2009 PTRMS field measurement 

campaign, the concentrations of TVOCs varied over the range 25-50 ppb (E. 

Zardin, personal communication). There were excursions up to 200 ppb. Over 

these period the O3 concentration showed a diurnal cycle up to around 30-35 

ppb. The initial concentration were set for NOx at 25 ppb, CO at 150 ppb, CH4 at 

1790 ppb, SO2 at 0.1 ppb, H2 at 500 ppb, formaldehyde at 1 ppb, ethane at 5 

ppb and O3 at 20 ppb. For those VOC not speciated in the Bunbury emission 

inventory or Alcoa emission database, but included in the model, initial 

concentrations were set to a baseline level of 0.5 ppb. By assigning 0.5 ppb for 

unmeasured species gives approximately 60 ppb in TVOCs and around 30ppb 

in modeled O3 concentration. 
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FiFigure 3.15a Bunbury temperature diurnal variation in winter and summer scenarios 

 
Figure 3.15b Bunbury relative humidity diurnal variation in winter and summer scenarios 

 
Figure 3.15c Bunbury mixing ratio diurnal variation in winter and summer scenarios 
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3.2.4 Moving Box model – pseudo 2D box model 
 

This focus of this study is the detailed chemical degradation of the major 

emitted anthropogenic VOCs (AVOCs) species in the region, including acetone, 

formaldehyde, acetaldehyde and methyl ethyl ketone using a highly explicit 

degradation mechanism (MCM) described in section 3.2 above.  

 

A number of air quality studies have been carried out in the region (CSIRO, 

2004; ENVIRON, 2005a; CSIRO, 2008; Rayner et al., 2009; Retallack et al., 

2009), however, in these studies, the atmospheric degradation process and the 

photo oxidants from the alumina refinery emission are not well investigated.  

 

Despite the highly complex atmospheric conditions and terrain of the Alcoa 

alumina refinery locations, CSIRO has listed three pollution events which 

dominate: 1) morning inversion, 2) shallow convective mixing, and 3) strong 

winds and/or cloudy conditions (CSIRO, 2004). 

 

In a recent proton transfer reaction – mass spectrometer (PTR-MS) monitoring 

campaign, (CSIRO, 2008) inversion is suggested as causing a well mixed 

condition around the vicinity of Alcoa alumina refinery (figure 3.16). During the 

daytime on average between 08:00 and 16:00, mixing brings together 

compounds that have their origin via elevated point source, e.g. refinery 

emission or from photochemical oxidation in the boundary layer, down to the 

ground level.  

 

In addition, pollutants were found to be redirected towards the escarpment 

where they became trapped against the topography and are transported 

downwind slowly during the pollution events (CSIRO, 2004; Retallack et al., 

2009). 

 

Based on reported studies of the refineries in the Bunbury region (CSIRO, 

2004), no chemical transformation has been considered. The only estimation of 

VOCs photochemical reactivity was the estimation of modeled VOCs shortest 
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half life (at 25oC): 1 to 3 hours for formaldehyde, 6 to 12 hours for acetaldehyde 

and approximately 17 days for benzene (Chemfate, 1994).  

 

 
Figure 3.16 Inversion process (CSIRO, 2008) 

 

A PTM, together with the updated and extended MCMv3.1 and two highly 

speciated emission inventories for the organic compounds,  has been 

developed to characterise potential levels of not only the targeted species but 

also photooxidants, secondary pollutants and some short-lived species as well 

as their degradation mechanisms in Bunbury region. 

 

A box-model is used to describe the chemical development of photooxidants in 

an air parcel with its base on the ground, its upper lid set as top of the boundary 
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layer and with horizontal dimensions 15 km  15 km in the Bunbury airshed. 

Highly idealised meteorological conditions of low north north-easterly winds 

leading to the near neutral conditions as described by (Rayner et al., 2009) was 

adopted to form the simulated trajectory. The alumina refinery emission was 

smeared out over a 2 km x 1 km area and the air parcel took 3 hours to pass 

over the area. The alumina refinery emission is assumed to have constant 

emission source strength.  Emission reduction is defined as 50% when the air 

parcel enters and exits the area at the 1st and 3rd hour respectively. As no 

treatment of vertical dispersion or mixing is provided, the emitted VOCs and 

combustion gases are assumed to mix with those in the Bunbury airshed 

throughout the model atmospheric boundary layer; which is an over simplified 

inversion process as suggested by (CSIRO, 2004).  

 

The developed models were then used to provide insight into the complex 

chemical processing in the region. Various model runs were carried out 

considering the venting or entrainment of emissions from the free troposphere 

and no major differences were observed. In order to reduce the complexity of 

the model and allow the computation of the worst-case scenario for industrial 

emissions, no treatment of vertical dispersion or mixing was included. By taking 

the difference in the targeted species photo-oxidant concentrations between the 

moving box model and ambient model, at each time point after passing over the 

refinery source, the downwind photo-oxidants formation were quantified for 

given emissions and season scenarios. These have been used to determine the 

impact that the stack emissions are having on the local air mass in terms of the 

chemical speciation, discussed in chapter 4. 
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Chapter 4 Results and discussion 
 

This chapter presents simulated results and secondary organic species 

formation analyses from the near-explicit model embedded with extended 

MCMv3.1. The atmospheric composition results from the complex interplay of 

atmospheric chemistry, local sources and meteorological process. It needs to 

be stressed up front that the simulated results presented in this chapter do not 

take the local meteorological process into account. Thus, the simulated results 

must not be interpreted as the actual results but more representative of the 

potential level of the photochemical processing and composition. 

 

In the photochemical trajectory model experiment, an air parcel is followed over 

the period of one day as it moves along an idealised trajectory in south west 

Australia. Three phases (A, B and C) are identified in this one-day period (figure 

4.1).The Bunbury airshed emission inventory and extended MCMv3.1 are used 

to describe regional scale photochemical oxidant formation in phase A and C. In 

order to investigate the photochemical processing downwind of the industrial 

source, the refinery emissions as described in chapter 2 are added in phase B. 

The refinery emission was smeared out over a 2 km x 1 km boundary area; and 

the air parcel took three hours to pass over the refinery area based on simplified 

estimation from an idealised trajectory. This idealised trajectory represents low 

wind speed and stable metrological conditions which provide an effective time 

and distance for the air parcel to pick up industrial emissions leading chemical 

evolution later in the afternoon. It is assumed that full industrial emissions will 

be picked up by the air parcel when it is situated in the central of the refinery 

area. While the air parcel enters and leaves this area, a 50% reduction has 

been applied to the industrial emissions to represent only half of the air parcel is 

within the defined boundary area. The refinery emission is instantaneously 

mixed throughout in the model. Scenario (S1), scenario 2 (S2) and scenario 3 

(S3) as described in chapter 2 are considered here. By taking the difference in 

the photooxidant concentrations between the Moving Box (Mbox) model and the 

Ambient model in phase C, the difference in the downwind photochemical 

oxidants were able to be quantified. In addition, a summer time scenario was 
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incorporated into the model and Mbox (S1) to investigate the seasonal variation 

of the downwind photochemical oxidants.   

 

4.1 Model evaluation 

 

In order to have confidence in the results obtained from the photochemistry 

simulation of the refinery source, the simulated results were evaluated against 

observational data for a number of species. The modelled results are compared 

to the available data, i.e. ambient monitoring and available field measurement 

data. In order to gain confidence in the model, it is necessary to evaluate the 

difference between the simulated concentrations and the observational data. 

This is achieved by comparing the differences amongst the targeted species 

and the key oxidant, i.e. O3, in phase C which is downwind of the refinery.  

 

An intensive sampling campaign was undertaken in winter 2006 around the 

Alcoa refinery vicinity (Alcoa, 2007; CSIRO, 2008). It consists of a Proton 

Transfer Reaction Mass Spectrometry (PTRMS) station, trace gas station, long 

path differential optical absorption spectrometry (OPSIS), field odour surveys, 

Silco canister sampling and 91 8-hour integrated dinitrophenylhydrazine (DNPH) 

cartridge samples. 

 

The findings are summarised in table 4.1. However, hourly O3 data were not 

included in this campaign.  Due to the absence of hourly O3 data, the average 

diurnal variation of O3 concentration for the period March 2002 to 2003 at the 

Alcoa monitoring site was used (Johnson, 2003). Since the sampling campaign 

was conducted in winter 2006, only the simulated results from winter scenario 

will be considered here. 

 

The mass emission and distribution in the Moving box model scenario 1 

(MboxS1), which is generated from data representing typical refinery operating 

conditions, is considered the base case model and used for this model 

evaluation, result analysis and discussion.  
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Figure 4.1 Comparison of O3 temporal concentrations in simulated and measurement data 

 

The simulated temporal O3 concentration in MBoxS1 was compared to the 

average winter diurnal variation (Figure 4.1). At C1, the simulated peak O3 

concentration of 30 ppb is in good agreement with the average observational 

data, the difference being within 2.5 ppb.   

 

Other simulated species concentrations also show reasonable agreement with 

the available observational data (Table 4.1). The simulated concentrations of 

different species fall between the maximum and median or average of the 

observational data. It is noted that the model tends to overestimate the 

concentrations of formaldehyde and acetaldehyde by 2 ppb and 1 ppb 

respectively.   

 

In previous MCM related work, comparisons of a series of simulation of 

secondary organic compounds and radical intermediates with the observations 

have been made, in good agreement generally. These include: carbonyl 

(O'Brien et al., 1997), dicarbonyl (Solberg et al., 1996), PAN (Roberts, 2007), 

organic hydroperoxides (Jackson and Hewitt, 1996), organic nitrates 

(Sommariva et al., 2008b), OH, HO2 and RO2 radicals (Carslaw et al., 1999). 

The MCM demonstrated good agreement with the observational data thus 

providing some further validation of the degradation schemes. These data 
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together with the observational comparisons in the Bunbury airshed indicate 

that the MCM provides a reasonable estimation of the production of secondary 

organic compounds. 

 
Sampling component Modelled result in phase C 

 

Species 
 PTRMS 

(ppb) 

Trace 

station 

(ppb) 

DNPH 

samples 

(ppb) 

Scenario 1 

(ppb) 

Scenario 2 

(ppb) 

Scenario 3 

(ppb) 

Maximum 

1-minute 
126.00 126.20     

Maximum 

5-minute 
115.00 115.00     

Maximum 

1-hour 
67.50 67.50  69.67 171.11 163.72 

99.9th 

1-hour 
36.00      

NOx 

Average 3.20   34.31 106.79 102.86 

Maximum 

1-hour 
1100.00   165.93 314.95 216.98 

CO 

Average 100.00   151.37 247.46 182.73 

Max   1.72 4.55 4.09 3.51 
Formaldehyde 

Median   0.39 4.00 3.43 3.01 

Max 2.20   3.49 4.10 2.66 
Acetaldehyde 

Median 0.30   2.42 2.87 2.15 

Max 6.80   5.39 6.76 1.85 
Acetone 

Median 0.30   4.03 4.79 1.57 

Max 1.10   0.10 0.12 0.12 
Methacrolein 

Median 0.03   0.05 0.08 0.08 

Max 1.10   0.52 1.32 0.37 
MEK 

Median 0.03   0.40 0.86 0.29 

Max 1.60   0.68 0.70 0.67 

Benzene 
Median 

Below 
detection 

limit 

  0.61 0.62 0.59 

Table 4.1 Comparison of observational data to the simulated concentrations (CSIRO, 2008) 

 

According to on-site monitoring and simulated meteorological results for the 

worst case evolution of photochemical generation, it is suggested that the 

refinery emission is being trapped in the local vicinity by a morning inversion at 

about 70 metres height. There is a southward transport of these emissions in 
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strongly sheared flow and inversion of the emissions to ground at about 09:00 

(Rayner et al., 2009). 

 

This phenomenon implies emission from the refinery might affect the air 

composition in the local vicinity. The NMVOCs distribution from the refinery is 

different from the local background airshed which is defined as a scaled down 

airshed from the larger Bunbury airshed (NPI). 

 
Figure 4.2 Bunbury windrose during winter time in 2002 

 

Figure 4.2 indicates the air parcel would most likely travel 2-5 km/hr under the 

influence of northerly wind. Over a 24-hour period, the air parcel will travel for 

44 to 130 km.  Assuming the air parcel picks up the refinery emission at 09:00 

and leaves the refinery region, by midday the air parcel would most likely travel 

5 to 16  km downwind. When the simulated O3 reaches its maximum at time 

point C1, the air parcel would travel between 11 and 32 km downwind. At C2, 

12 hours after the air parcel left the refinery; it has travelled for approximately 

22 to 65 km southwest of the refinery. It is noted that this is only a rough 

estimation of the travel distance; it is not representative of the actual scenario. 
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Detailed meteorological conditions and analysis for this area are given by 

(CSIRO, 2004; Rayner et al., 2009; Retallack et al., 2009).  The nearest 

receptors are approximately 4.25 km south to the refinery. 

 

Secondary pollutants are widely known as oxidised products formed by the 

atmospheric chemical processing of emitted pollutants. It has significant impact 

on air quality and health; therefore, understanding the routes by which these 

secondary pollutants are formed in the atmosphere is of great importance. Only 

a near- explicit chemical mechanism and advance differential equation solving 

technique would be able to accurately simulate the routes of formation of 

secondary pollutants. In this work, the MCM photochemical one-dimensional 

trajectory model’s system of simultaneous stiff ordinary differential equations 

was integrated with a variable order Gear’s method (Curtis and Sweetenham, 

1987). 

 

The objective of this work is to investigate the potential secondary pollutant 

levels produced from the refinery emissions. The analysis strategy involves 

comparing the simulated results from the Mbox model, in which the air parcel 

picks up both background and refinery emissions and moves along an idealised 

trajectory; to the ambient model, in which the air parcel only picks up 

background emissions. The analysis focus is on comparing the simulated 

results in the MboxS1, which contains the emissions generated under the most 

usual plant operation, to the results in the ambient model in winter time. The 

winter scenario is chosen because most of the related and relevant studies 

conducted in the vicinity were in winter time. However, the simulated results 

from different emission scenarios and during summer are also included to 

indicate the influence of different operating conditions and seasonal changes.  
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4.2 VOCs/NOx temporal variation – impact on 
ozone formation  

 
Figure 4.3 O3 temporal concentration comparisons between different model scenarios 

 

Note: Definition of legend in all the figures presented in this chapter 

AmbS = Ambient in summer scenario 

AmbW=Ambient in winter scenario 

MboxS1=Moving box model with refinery emission scenario 1 in winter 

MboxS2=Moving box model with refinery emission scenario 2 in winter 

MboxS3=Moving box model with refinery emission scenario 3 in winter 

MboxSS1=Moving box model with refinery emission scenario 1 in summer. 

 

The air parcel arrives at the refinery stack emission area in the early morning 

when most of the important atmospheric photochemical processes are slow. As 

shown in figure 4.3, when sun rises, the photochemical reactions start to 

establish. In the ambient cases, O3 production begins soon after the sunrise. 

While in the Mbox scenarios, the refinery stack emissions were instantaneously 

mixed throughout the air parcel. The air parcel would extend from the Earth’s 

surface up to the top of the varying boundary layer which varies from 300 m at 

night to a maximum of 1800 m during the daytime. The rich NO environment 
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has decreased the O3 concentration in phase B; while the rich NO2 condition 

later in the afternoon has favoured the O3 reaching its maximum in phase C.   

After sunset, the model mixing height was set back to 300 m. The decrease of 

the O3 concentration is due to the reduction in photochemical production and 

dry deposition under the shallow boundary layer and the rich NO atmospheric 

condition (figure 4.4 and 4.5). 

 

The modeled O3 concentration from Mbox has a different pattern and peak 

compared with the Amb, which is a control model. The photochemistry in Mbox 

was the same as in the control model in phrase A. As the parcel moves into 

phrase B, the high NOx environment predominates the chemistry.  The modeled 

result from Mbox is different from the control result in both phase B 

(anthropogenic emission environment) and C (biogenic dominant emission 

environment). 

 
Figure 4.4 NO temporal concentration comparison between different model scenarios  

Note: The ambient result is extremely low. It’s below 5 ppb and very hard to identified in this 

figure but you can see them in phase A and later in phase C. These values were extracted from 

on-site PTRMS measurement reported by CSIRO 2008 for 2006 winter campaign. 
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Figure 4.5 NO2 temporal concentration comparisons between different model scenarios 

 

4.3 Targeted species concentrations 

 

Organic compounds can react in the atmosphere by the reactions initiated with 

OH, NO3 and O3 radicals as well as photolysis. It is essential to study the trends 

of the 27 target species concentrations in order to investigate the chemical 

composition downwind of the refinery. The atmospheric lifetimes of their 

reactions with OH, NO3 and O3 radicals as well as photolysis have been 

calculated for the targeted species (table 4.3). Many of the rate constants are 

extracted from MCMv3.1; while some were developed in this work as detailed in 

chapter 3. Typical continental tropospheric conditions were used. OH 

concentration is defined as 1.0×106 molecules cm-3 on a 12-h daytime average 

(Atkinson, 1987), the NO3 radical concentration is assumed to be 2.5×108 

molecules cm-3 on a 12-h night time average and O3 radical concentration is 

assumed to be 7.0×1011 molecules cm-3 on a 24-h average (Shu and Atkinson, 

1995). 

 

Most of the targeted species concentrations follow a similar pattern. It consists 

of a rapid rise in the refinery stack emission area (phase B), then rapidly 
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decaying in the early phase C to C1; followed by a long inactive period during 

the night time (phase C1 to C2) (figure 4.6a, b & c).  

 

Table 4.3 gives a summary of the rate constants and atmospheric lifetime with 

different radical initiated reactions of the target species. For OH initiated 

reactions, the most rapidly reactive species are the aldehydes and ketones. The 

shortest atmospheric lifetime for OH initiated reaction is 2-pentanone (2.36 hr); 

while the longest is acetone (52.81 hr). Aromatic species react slowly with the 

OH radical (from 1 day to 10 days) except for styrene (4.79 hr), 1,3,5-

trimethylbenzene (4.9 hr) and 1,2,4-trimethylbenzene (8.55 hr). Of the 

hydrochlorocarbons, hydrobromocarbons, epoxides and alkanes are least 

reactive and have long atmospheric lifetime of more than 1 day.   

 

Styrene is the most reactive species with regards to night time chemistry (NO3 

initiated reaction), its atmospheric life time is 0.08 hr followed by that of butanal 

(10.39 hr) and propanal (17.32 hr).  

 

For O3 initiated reactions, styrene is again the most reactive species. Its 

atmospheric lifetime is about 1 hr followed by that of crotonaldehyde (10.46 hr) 

and methacrolein (13.78 hr). 

 

Formaldehyde is the most reactive species in terms of photolysis rate followed 

by butanal and propanal.  
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Rate coefficients 
(cm3 molecule-1 s-1) 

Atmospheric lifetime 
for reaction with 

Target species NO3 OH O3 

J 
code 

in 
MCM 

NO3 (hr) OH (hr) O3 (day) 

Photolysis 
winter 
time 

(max) 
Aldehydes         

5.80E-16 9.37E-12  J11 199.55 29.65  9.65 
Formaldehyde 

   J12    60.65 

Acetaldehyde 2.78E-15 1.58E-11  J13 41.57 17.63  57.68 

Propanal 6.68E-15 1.96E-11  J14 17.32 14.17  16.46 

1.11E-14 2.35E-11  J15 10.39 11.82  16.24 
Butanal 

   J16    27.11 

Acrolein  2.00E-11 2.90E-19   13.89 57.02  

Crotonaldehyde  3.40E-11 1.58E-18   8.17 10.46  

Methacrolein  2.90E-11 1.20E-18   9.58 13.78  

Ketones         

Acetone  2.19E-13  J21  52.81  834.82 

Methyl ethyl ketone  1.15E-12  J22  10.03  43.81 

2-pentanone  4.90E-12  J22  2.36  43.81 

Aromatic species         

Benzene  1.22E-12    227.83   

Toluene  5.63E-12    49.37   

Ethylbenzene 1.20E-16 7.00E-12   964.51 39.68   

O-xylene  1.36E-11    20.42   

M-xylene  2.31E-11    12.03   

P-xylene  1.43E-11    19.43   

1,2,4-trimethylbenzene  3.25E-11    8.55   

1,3,5-trimethylbenzene  5.67E-11    4.90   

Styrene  5.80E-11 1.70E-17  0.08 4.79 0.97  

Table 4.3 Rate constants and atmospheric life time of the targeted species 
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Table 4.3 (continued) Rate constants and atmospheric life time of the targeted species 

 

Rate coefficients 
(cm3 molecule-1 s-1) 

Atmospheric lifetime 
for reaction with 

Target species NO3 OH O3 

J 
code 

in 
MCM 

NO3 (hr) OH (hr) O3 (day) 

Photolysis 
winter 
time 

(max) 
Hydrochlorocarbons         

Tetra chloro ethene  1.67E-13    1665.61   

Trichloromethane (Chloroform)  1.04E-13    2679.12   

Tri-chloro ethene  2.36E-12    117.73   

Dichloromethane  1.48E-13    1879.37   

Chloromethane  4.31E-14    6444.19   

Vinyl chloride  8.49E-12 2.45E-19  503.22 32.72 67.49  

Hydrobromocarbons         

Bromomethane  3.93E-14    7073.91   

Epoxide         

Ethylene oxide  9.50E-14    2923.98   

Alkanes         

Methane   6.18E-15       44932.45     

 

The 27 target species were divided into three groups based on the 

photochemical pathways which they appeared to follow in the MCM modelling.   

Due to the complexity of the entire group it was considered appropriate to 

discuss the compounds in like groups. Figure 4.6a,b and c show the simulated 

temporal concentration in MboxS1 for group I, II and III respectively.  It is 

important to highlight that these simulations are for atmospheric reactions only 

and do not take air dispersion/dilution into account at all.  The end 

concentrations are therefore likely to be very much lower due to natural 

dispersion/dilution.    
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Figure 4.6a Simulated temporal concentration for group I target species in MboxS1  

 

 
Figure 4.6b Simulated temporabl concentration for group II target species in MboxS1  
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Figure 4.6c Simulated temporal concentration for group III target species in MboxS1 

 

Group I: Fast decaying organic compounds, i.e. crotonaldehyde, bromomethane, 

styrene, 1,2,4 trimethylbenzene, 1,3,5-trimethylbenzene, pentanone, 1,3-

butadiene, Pentanone, 1,3-butadiene, tetrachloroethene, trichloromethane, 

trichloroethene, chloromethane, ethylene oxide, methacrolein, 2-butene, 

tetrachloroethene, trichloromethane, trichloroethene, chloromethane, ethylene 

oxide, methacrolein, 2-butene and styrene (appendix E). 

 

Figure 4.7 shows the temporal concentration for a representative organic 

compound from Group I.  The organic compounds in this group have either low 

emission from the refinery and/or low background concentration. They are 

rapidly degraded from the initial concentration through OH initiated reactions 

due their high OH rate constant or low concentration. Later in phase C (night 

time), they level off in a low concentration and remain inactive since they have 

low NO3 rate constants.  
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Figure 4.7 Comparison of crotonaldehyde temporal concentrations between different model 

scenarios 

 

Group II: Major emitted compounds with overall concentrations higher than the 

simulated concentrations in the background ambient model, i.e. formaldehyde, 

acetaldehyde, acetone, propanal and methylethylketone (appendix E). Figure 

4.8 shows the temporal concentration of acetone which is representative of the 

other organic compound from Group II.  The calculated lifetimes show OH 

initiated reaction is the major degradation pathway for these species. The short 

lifetimes of these species indicate they would be degraded close to their source. 

Due to these species being major emitted organic compounds, they have higher 

concentrations than the other targeted species but their concentrations still level 

off to a comparable level to the ambient model by the end of the simulating 

period.  

 

As the air parcel moves away from the refinery and the sun sets, the 

photochemical process would reduce. Since the reaction rates of these species 

with NO3 radicals are low, their concentrations will remain stable at night time. 

Comparison of the simulated concentrations from the ambient model to the 

Mbox shows that these species are higher in phase C due to the input from 

refinery stack emission. Acetone is the most extreme example because it has 

the slowest degradation rate and the highest emission rate. Therefore, its 
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concentration, beyond phase C, remains up to 4 ppb higher than modelled 

background ambient levels. 

 
Figure 4.8 Comparison of acetone temporal concentrations between different model scenarios 

 

The products formed from the OH initiated oxidation include lighter carbonyl 

compounds, PAN-type species and HOx radicals which enhance photooxidant 

formation.  

 

Group III: Relatively stable organic compounds, i.e. benzene, toluene, xylenes 

and ethylbenzene (appendix E). Figure 4.9 shows the temporal concentration 

for benzene which is representative of the other organic compound from Group 

III.  This group of compounds have low OH rate constants which indicate they 

degrade slowly during the day time and have a comparatively long atmospheric 

lifetime. They might accumulate to some extent due to their long atmospheric 

lifetime but the overall average concentrations of these species are less than 1 

ppb. 
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Figure 4.9 Comparison of benzene temporal concentrations between different model scenarios 

 

In 2004, the National Environment Protection Council made the National 

Environment Protection Measure for Air Toxics (NEPM, 2004), which addresses 

five priority air toxics: formaldehyde, toluene, xylene and polycyclic aromatic 

hydrocarbons (PAHs). Even though the simulated results have no dispersion 

factor taken into account, which would reduce their concentrations even further; 

none of the simulated targeted species concentrations exceed the 

recommended levels.  
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4.4 Secondary product classifications and 
analysis 

 

Classical dispersion models only focus on dilution and lifetime of primary 

emitted compounds with very limited consideration of photochemistry and 

secondary organic compound generation. However, as mentioned in chapter 1, 

radical chemistry in fact, plays an important role in instigating photochemical 

pollution and via analysing the atmospheric composition and degradation a 

more complete understanding can be gained.  

 

The near-explicit chemistry of the MCM includes the precursors of secondary 

organic compounds and treats their oxidation pathway explicitly until they are 

degraded to CO2 (Jenkin et al., 1997c; Jenkin et al., 2003; Saunders et al., 

2003). Therefore, all the species defined in the model of this study can be 

extracted and thoroughly analysed. These allow a thorough study of the 

formation of secondary organic compounds. 

 

In this section, secondary organic compounds have been categorised according 

to their functional group. The species have been grouped into: aldehydes, 

ketones, carboxylic acids, hydroperoxides, nitrate compounds, dicarbonyls, 

esters and peroxyacyl nitrates (PAN-type) species (figure 4.10). There are 

between 220 and 1197 compounds in each of the key classes.  The secondary 

organic compounds represent the net-effect of the atmospheric chemical 

processing and therefore encompasses the initial model input target 

compounds and also their secondary products as the atmospheric chemistry 

proceeds through time.  The MCM names and their simplified molecular input 

line entry specification (SMILES) (Weininger, 1988) are presented in appendix 

E according to their groups.  
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Figure 4.10 Simulated secondary organic compounds categories by functional group 

 

Focus will be on comparing the simulated results from MboxS1 and ambient 

winter scenario (AmbW). The simulated results from these groups can give an 

insight into the photochemical processing and the chemical composition 

downwind from the refinery.  

 

The Rate of Production Analysis (ROPA) can extract detailed information from 

the mechanism and achieve a detailed understanding of the photochemical 

formation of these species. ROPA can be performed for any species in the 

model except for constrained species. Other more sophisticated techniques, 

such as uncertainty analysis, mechanism reduction and multivariate analysis, 

can be applied to the models to extract more information from the mechanism 

and achieve a deeper understanding of the chemistry. Examples of these 

techniques in chamber modelling studies can be found in the literature (Zador et 

al., 2005; Zador et al., 2006). 

 

In this study, ROPA is deployed for the identification of the major precursors of 

PAN, glyoxal and methylglyoxal. These species are major components of 

photochemical pollution. Also, glyoxal and methylglyoxal are shown to be key 

precursors in the formation secondary organic aerosols (SOA) (Volkamer et al., 

2007; Fu et al., 2008; Fu et al., 2009). 

 

It is noted that although the MCM is one of the most comprehensive gas-phase 

tropospheric degradation mechanisms, it does not include all the known or 

PAN-type 

(220 species) 

Nitrated compounds 

(496 species) 

Aldehydes  

(669 species) 
Ketones 

(1197 species) 
Carboxylic acids 

(164 species) 

Hydroperoxides 

(999 species) 

Ester 

(341 species) 

Dicarbonyl 

(296 species) 
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unknown VOCs in the troposphere. The species included in the mechanisms of 

these models are, however, extracted from the best available data. Therefore, 

the analysis is expected to be a reasonable representation under most 

conditions.   

 

4.4.1 Group A fast decaying class 
 

The aldehydes, ketones, carboxylic acids and ester groups follow the group I 

trend as described in the previous section. Most of these species have high OH 

rate constants; they are degraded quickly via OH initiated reactions to a lower 

level. Since they have low NO3 rate constant, they remain inactive through out 

the evening. Therefore, their concentrations level off after sunset (figures 4.11-

15).  

 

 
Figure 4.11 Comparison of aldehydes temporal concentrations between different model 

scenarios 
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Figure 4.12 Comparison of ketones temporal concentrations between different model scenarios 
 

 
Figure 4.13 Comparison of carboxylic acids temporal concentrations between different model 

scenarios 
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Figure 4.14 Comparison of enones temporal concentrations between different model scenarios 

 

 
Figure 4.15 Comparison of esters temporal concentrations between different model scenarios 
 

 

The concentrations of carboxylic acids, enones and esters groups are lower 

than the levels in the simulated ambient model. This can be explained by the 

enhanced level of OH radicals downwind from the refinery, reaction 1.15. 

 

HO2  +  NO    NO2  +  OH  (1.15) 
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The relatively richer NO condition in phase B has led to the formation of 

abundant OH radicals in phase B and C. The simulated peak OH concentration 

in the Mbox is almost double of the simulated peak OH of Amb (figure 4.16). 

This makes more OH radicals available to react with the organic species and 

eventually more organic compounds are being oxidised.  

 
Figure 4.16 Comparison of OH temporal concentrations between different model scenarios 
 

 



 189 

4.4.2 Group B1 elevating class (similar to the ambient 

model trend) 

 
4.4.2.1 Alkyl nitrates (RONO2)  
 

Alkyl nitrates (RONO2) are formed by the reaction of an RO2 with NO. 

For example: 

C2H5O2 + NO  C2H5O +NO2  (4.1) 

  C2H5ONO2  (4.2) 

 

The formation yield of RONO2 is temperature and pressure dependent. It 

increases with the number of carbons in the peroxy radical (Roberts, 1990). OH 

initiated reaction and photolysis are the major degradation pathways of alkyl 

nitrates. 

 
Figure 4.17 Comparison of organic nitrates temporal concentrations between different model 

scenarios 
 

 

The trend observed for the formation of RONO2 in the Mbox model was similar 

to that observed for the ambient model.  The concentration increases during the 

day time and levels off to a maximum yield of 1.26 ppb (MboxS1) in the evening 
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(figure 4.17). The difference in concentration (<0.5 ppb) is due to the relatively 

high NO emission and regenerated OH in the phase B of the refinery case 

compared to the ambient model. Due to the abundant OH level, more RO2 

becomes available to react with the emitted NO, hence, slightly more RONO2 

(<1 ppb) is formed (reaction 4.2).   

 

4.4.2.2 Dicarbonyl (COCO) 
 

Dicarbonyls are an important class of secondary organic compounds as they 

are one of the major components of photochemical pollution. Also, it is reported 

the Secondary Organic Aerosol (SOA) formation pathway via irreversible uptake 

of small dicarbonyl gases, such as glyoxal and methylglyoxal, is significant (Fu 

et al., 2009). 

 

In the simulated period, the total dicarbonyl species concentrations in Mbox, are 

relatively higher (<2 ppb) than that in the ambient model from phase B until C1 

(figure 4.18). Glyoxal and methylglyoxal account for ca. 60% of the total 

dicarbonyl species concentration.  

 
Figure 4.18 Comparison of total dicarbonyl species temporal concentrations between different 

model scenarios 
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Glyoxal 

 

Glyoxal is the first compound in the series. It consists of 20% of the total 

simulated dicarbonyl species concentration. Glyoxal is the degradation product 

of many aromatic species and oxygenated organic compounds, including 

acrolein and crotonaldehyde. It has many precursors and they produce glyoxal 

by different routes. Glyoxal degrades via photolysis, OH initiated reaction and 

NO3 initiated reaction in the troposphere. 

 

Comparison of the simulated data shows that the peak concentration of glyoxal 

in Mbox is ca. 0.1 ppb higher than the concentration in Amb (figure 4.19). In 

order to investigate the formation of glyoxal, a rate of production analysis was 

carried out. 

 

 
Figure 4.19 Comparison of glyoxal temporal concentrations between different model scenarios 
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Figure 4.20 Instantaneous rate of glyoxal formation in MboxS1 

 

Figure 4.20 shows the instantaneous rate of production analysis of glyoxal over 

the simulation period in MboxS1. The main precursors over the integral 

simulation period are acrolein, crotonaldehyde, acetylene (C2H2), o-xylene, 

toluene, benzene, ethylbenzene and isoprene.  

 

In phase A, when the production rate of glyoxal is most rapid, crotonaldehyde 

accounts for 46% while acrolein accounts for 25% of the overall rate of glyoxal  

formation. In phase B and early phase C, acetylene accounts for 100% of the 

rate of glyoxal production. Later at night time (post phase C2), the contribution 

from acetylene has dropped to zero. At this phase, the rate of glyoxal production 

mainly contributed by ethylbenzene (10%) and isoprene(10%). At the end of the 

simulating period, glyoxal concentrations in the Mbox level off and remain at a 

concentration comparable to the concentration in Amb. 

 

Acetylene is the most significant precursor for the glyoxal production during the 

daytime. Glyoxal is formed via OH initiated reactions. 

 

OH + C2H2  GLYOX + OH  (4.3) 
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In our model, acetylene was only set to a background level. And it does not 

appear in the refinery emission or the Bunbury background emission. The 

overall glyoxal concentration was not elevated significantly. Overlaying the 

instantaneous glyoxal formation to the OH temporal concentration (figure 4.20), 
it is suggested that the small increase of glyoxal is due to the elevated OH 

concentration but not due to specific VOCs. In fact, Mboxʼs relatively high NO 

condition in phase B has led to the increase of OH radical concentration in 

phase C (reaction 1.15 and figure 4.16). Thus, the enhanced OH level can 

further initiate the photochemistry downwind of the refinery. 
 

HO2  +  NO    NO2  +  OH  (1.15) 

 

In addition, the key precursors for forming glyoxal in the simulating period 

include some of the targeted species from the refinery emissions, i.e. acrolein, 

crotonaldehyde, o-xylene, toluene, benzene and ethylbenzene. Glyoxal is 

identified as their key degradation product via OH initiated reaction. The 

concentrations of these species are relatively higher in the Mbox model 

compared to the ambient model.  

 

Considering the fact that glyoxal is the major degradation product of some of the 

target species and the enhanced OH level would initiate the photochemistry in 

the air parcel downwind from the refinery; these result in the slightly elevated 

glyoxal temporal concentration in Mbox.  

 
Methylglyoxal 
 

Methyglyoxal is the second species in the dicarbonyl series. It consists of 

ca.40% of the total simulated dicarbonyl species concentration. Its temporal 

concentration follows a similar pattern to that of glyoxal. Methylglyoxal is also a 

key degradation product of many oxygenated organic compounds, including 

crotonaldehyde. Methylglyoxal degrades via photolysis, OH initiated reaction 

and NO3 initiated reaction in the troposphere. 
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Comparison of the simulated results shows that the peak concentration of 

methylglyoxal in Mbox is ca. 0.1 ppb higher than the concentration in the 

ambient model. The methylglyoxal temporal concentration in Mbox follows the 

trend in the ambient model until the air parcel enters phase B picking up the 

industrial emission. In the ambient model, the concentration of methylglyoxal 

reaches its peak in the morning; while in Mbox it peaks at midday (figure 4.21). 

 
Figure 4.21 Comparison of methylglyoxal temporal concentrations between different model 

scenarios 

 
Figure 4.22 Instantaneous rate of methylglyoxal production in MboxS1 
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Figure 4.22 shows the instantaneous rate of methylglyoxal production analysis 

over the simulation period in MboxS1. The main precursors are p-xylene 

(19.69%), crotonaldehyde (15.44%), 3,5-dimethytoluene (14.32%), 1,3-

dimethyl-5-ethylbenzene (11.24%),  isoprene (11.07%), 1,2,4-trimethylbenzene 

(10.33%), 2-methyl-2-butene (9.38%), trans-2-pentene (5.92%), and cis-2-

pentene (2.61%). 

 

In phase A, 2-methyl-2-butene accounts for 13% of the rate of methylglyoxal 

formation. In phase B and early phase C, no species is account for the rate of 

methylglyoxal production. Later at night time (phase C), p-xylene (25%), 

crotonaldehyde (20%) and isoprene (16%) are the dominant species 

contributing to the rate of methylglyoxal production. At the end of the simulation 

period, methylglyoxal concentrations in Mbox level off and remain comparable 

to the concentration of that in the ambient model. 

 

During the daytime, no specific VOC species is significantly contributing to the 

rate of methylglyoxal production. At night time, the formation reactions from p-

xylene, crotonaldehyde and isoprene become competitive and dominate 

methylglyoxal formation. 

 

Similarly as seen for the glyoxal formation analysis, MboxS1ʼs relatively high 

NO condition in phase B has led to the increase in OH radicals concentration in 

phase C (reaction 1.15). The enhanced OH level can further initiate the 

photochemistry in phase C. 

 

HO2  +  NO    NO2  +  OH     (1.15) 

 

In addition, the key precursors identified in forming methylglyoxal include 

targeted species from the refinery emissions, i.e. crotonaldehyde, p-xylene and 

1,2,4-trimethylbenzene, and the temporal concentrations of these species are 

relatively higher in the Mbox compared to the ambient model.  
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Considering the fact that methylglyoxal is a major degradation product of some 

of the target species from the industrial emission and the enhanced OH 

generated through phase B initiating further photochemistry in the air parcel 

downwind from the refinery; it would be expected to see a slightly elevated 

methylglyoxal temporal concentration in Mbox.   

 

4.4.3 Group B2 elevating class (different trend from 

ambient) - PAN-type species  
 

In the early 1950s, the class of compounds of general formula RC(O)OONO2 

(PAN-type species) was first discovered as components of photochemical 

pollution.  PAN was regarded as only important in the polluted urban 

atmosphere. PAN-type species are now recognised and detected in rural and 

remote area (Roberts, 1990). 

 

As the first compound in the series of PAN-type species, peroxyacetyl nitrate 

(CH3C(O)O2NO2, PAN) is formed from an acyl peroxy radical (CH3C(O)O2•) 

reaction with NO2.  
 

CH3C•O + O2  CH3C(O)O2•    (4.4) 

CH3C(O)O2 + NO2 + M ↔ CH3C(O)O2NO2 + M  (4.5,4.6) 

CH3C(O)O2• + NO  CH3C(O)O• + NO2   (4.7) 

Followed by: 

CH3C(O)O•  CH3O2 + CO2    (4.8) 

Reaction 4.5 leads to a reduction in NOx concentration through its conversion 

into the reservoir species, PAN. 

 

Due to PAN-type species’ photochemical inertness, relative insolubility in water 

and low OH rate constant, they can have a relatively long lifetime. The principal 

sink of PAN-type species is thermal decomposition by reaction 4.7 back to the 

peroxyacyl radical and NO2. The thermal decomposition of PAN-type species is 

highly temperature dependent and ranges from ~30 mins at 298 K to ~8 hours 
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at 273 K. In the temperature of the upper troposphere, PAN lifetime from 

thermal decomposition is many months. 

 

Since PAN-type species exist in chemical equilibrium from reaction 4.5 and 4.6, 

the concentration of PANs depend on the temperature and the local levels of 

NOx.  

 

At night time, the thermal decomposition of PAN-type species can convert NO 

to NO2, reaction 4.6. Therefore, they act as a reservoir for NOx allowing its long 

range transport.  

 

Comparing the simulated concentration of PAN-type species in MboxS1 and 

AmbW (figure 4.23), their temporal patterns are different. In AmbW, the 

concentration of total PAN-type species peak in at around 10:00 and 

decompose throughout the photochemical day. In MboxS1, total PAN-type 

species formation is suppressed while the air parcel is in phase B with relatively 

high NOx concentration. As the air parcel moves into phase C, the formation of 

PAN-type species has started to increase. A slight increasing trend is observed 

from C1 onwards until the end of the simulated period (figure 4.23).   

 

 
Figure 4.23 Comparison of total PAN-type species temporal concentrations between different 

model scenarios 
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As the first species in the series, PAN accounts for more than half of the 

simulated total PAN-type species concentration in the simulated photochemical 

day. Figure 4.24 shows the different temporal variation in concentration of PAN 

between MBoxS1 and AmbW.  

 
Figure 4.24 Comparison of PAN temporal concentrations between different model scenarios 

 

The key intermediate involved in PAN production is the peroxyacetyl radical 

(CH3CO3). With PAN formation proportional to NO2 and competitive with 

CH3CO3 reaction with NO, the steady state concentration of PAN is proportional 

to the NO2/NO ratio. Since the steady state concentration of O3 is proportional 

to NO2/NO ratio (reaction 1.4), the steady state concentration of PAN is 

proportional to the O3 concentration. 

 

    (1.4) 

 

As in theory, the PAN concentration is proportional to the O3 concentration; they 

have both reached their peak at C1. The MCMv3.1 model shows that PAN is 

formed from 324 precursors, and the rate of production analysis was conducted 

to identify the key precursors in the simulating period (figure 4.26). The main 

precursors for the PAN formation integrated over the trajectory are 
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acetaldehyde, acetone, 1,3-dimethyl-5-ethylbenzene, m-xylene, p-xylene, 1,2,4-

trimethylbenzene and 3,5-diethyltoluene (figure 4.25). 

 

 

 

 
Figure 4.25 Key precursors and their contribution to PAN formation integrated over the 

trajectory 
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Figure 4.26 Instantaneous contribution from various precursors to PAN formation in MboxS1 

 

In MboxS1, the rate of PAN production is contributed via the photolysis of 

acetone (39%) and the OH initiated reaction of acetaldehyde (39%) in phase A. 

 

As the air parcel enters phase B, the reaction of acetaldehyde with OH is the 

only significant formation route in forming the key intermediate (CH3CO3) in 

forming PAN.  

 

CH3CHO + OH  CH3CO3 +H2O     (4.9) 

 

This route is solely significant for PAN formation when the rate of production 

reaches its maximum at mid day.  The simulated concentration of PAN reaches 

its peak at C1. Acetaldehyde accounts for more than 100% of the rate of PAN 

production until 17:00. 

 

Later in night time, 18:00-24:00, the major precursors in producing PAN are two 

carbonyls. They are the degradation products from aromatic species: 3,5-

diethyltoluene and p-xylene.  

 

Acetaldehyde is suggested to be the most important organic species in the 

formation of PAN in this study. It accounts for 39% for the rate of PAN 
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production in phase A, more than 100% production of PAN in phase B and 

when PAN production rate reaches its maximum in phase C. The relatively high 

concentration of acetaldehyde has led to a higher concentration of PAN in Mbox 

compared to the background ambient. Due to acetaldehydes short life time, its 

contribution has declined to zero later in phase C. 

  

The relatively high NO concentration in Mbox has inhibited the formation of PAN 

in phase B compared to AmbW. Through the conversion from NO to NO2, it 

provides a rich NO2 condition and regenerated OH radical in phase C (reaction 

1.15).  

 

HO2  +  NO    NO2  +  OH    (1.15) 

 

Abundant OH radicals are present in phase C and the emitted acetaldehyde 

would react with the OH radicals forming the key intermediate CH3CO3. Since 

more CH3CO3 and NO2 are expected in Mbox than in the ambient model, PAN 

formation is therefore enhanced in Mbox. 

  

Though the PAN concentrations peak at different time, the Mbox peak 

concentration (~0.9 ppb) is comparable to the peak in ambient (0.8 ppb).  These 

levels are still very low compared to impact levels reported in the literature 

which are more in the range of 100’s ppb (Seinfeld and Pandis, 1998). 

Furthermore the background value in the northern free troposphere is 0.1ppb 

(Singh et al., 1995). However, it is suggested that the level of PAN is highly 

variable in the troposphere.  

 

4.4.4 Group B (suppressed formation) - Organic 

hydroperoxides 
 

The simulated results in Mbox have shown that the formation of organic 

hydroperoxides (ROOH) is suppressed in phase C due to the rich NOx condition 

in phase B (figure 4.27). ROOH is formed from the reaction of RO2 with HO2. 

 

RO2 + HO2 → ROOH + O2   (4.10) 
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However, in a rich NOx environment, the elevated NO concentration would 

lower the efficiency with which ROOH is formed from reaction 4.10. 

 

Instead of forming ROOH, the RO2 and HO2 would react with NO by reaction 

4.11 and 4.12. 

 

RO2 + NO → RO + NO2    (4.11) 

HO2 + NO → OH + NO2    (4.12) 

 

Therefore, reaction 4.10 is competing with 4.11 and 4.12 in the presence of NOx. 

In the simulated photochemical day the relatively high NOx level in Mbox has 

suppressed the formation of ROOH compared to the ambient model.  Organic 

hydroperoxides and species with aldehyde functionalities are the major mass 

contributors to SOA (Johnson et al., 2004). 

 

 
Figure 4.27 Comparison of organic hydroperoxides temporal concentrations between different 

model scenarios 
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4.5 Potential Secondary Organic Aerosol 
precursors 

 

The tropospheric degradation of VOCs leads to the formation of semi- and non 

volatile products which may transfer from the gas-phase to the condensed 

particle-phase. This contributes to the mass of organic aerosol. Particulates 

formed from this pathway are classified as Secondary Organic Aerosol (SOA). 

There is high uncertainty and many unknowns associated with SOA and the 

climate interaction. Linking the aerosol observation and their modelling, e.g. 

SOA formation from VOCs, is of top priority for further research in Australia 

(Rotstayn et al., 2009).  This is preliminary investigated here using the 

information generated in this study.  

 

Approach 1 – target known SOA precursors 

 

Organic hydroperoxides and species with aldehyde functionalities are the major 

mass contributors to SOA (Johnson et al., 2004). They are the ingredients 

necessary for the formation of stable peroxyhemiacetals (reaction 4.13). 

 

ROOH + HC(=O)R’ → ROOC(OH)R’H   (4.13) 

 

As discussed above the concentration of ROOH has decreased while species 

with aldehyde functionalities has increased in Mbox due to the relatively high 

NOx and aldehyde emission in phase B. The net result of this on the formation 

of SOA remains unclear as the two SOA precursors are changing in opposite 

directions (one increases while the other decreases compared to the 

background model).  

 

Approach 2 – all SOA precursors 
 

In order to investigate and characterise the potential SOA precursors in the 

simulated photochemical day, the methodology described by (Johnson et al., 

2004, 2005) was adopted. Gas-to-particle transfer reactions were defined for ca. 
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2000 species in MCMv3.1 which estimated boiling temperatures are greater 

than 450 K. 

 

According to the theory of (Pankow, 1994), the phase-partitioning of a given 

species is defined by the thermodynamic equilibrium of that species between 

the gas-phase and absorbed in a condensed organic-phase with an associated 

partitioning coefficient, , which is defined as : 

 

  (4.14) 

Where  

R = ideal gas constant (8.314 JK-1mol-1) 

T = Temperature (K) 

= Mean molecular weight of the absorbing particulate organic material 

(gmol-1) 

= Activity coefficient of the species in the condensed organic phase. It is 

assumed to be unity as the aerosol particles is expected to comprise of 

mixtures with similar-types of molecules.  

= (probably sub cooled) liquid vapour pressure (Torr) 

 

The partitioning coefficient describes the transfer of the specific species from 

gas-phase to the particle-phase. 

   (4.15) 

Where  

= species i condensed organic phase concentration 

 = species i gas phase concentration 

= total mass concentration of condensed organic material  

 

Due to the limited data available on particulate emission in Australia, 

particulates are estimated have been based on NOx. Previous studies have 

shown this method provides a consistent representation for road transport and 

combustion sources (Johnson et al., 2005), which are dominant anthropogenic 
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sources in the Bunbury airshed. The background aerosol emission is set as a 

scaled down fraction of PM2.5 as reported in the (NPI, 2007). In the Bunbury 

airshed, total PM2.5 accounts for 1,000,000 kg/yr. The aerosols are removed 

from the model by dry deposition with a rate of 0.1 cm s-1, corresponding to an 

atmospheric lifetime of ca. 2 weeks.  

 

Using all the estimated data outlined above, aerosol mass formation was 

simulated for MboxS1 and AmbW.  Figure 4.28 shows the top five contributing 

SOA formation species structure, their MCM name as well as the respective 

contribution from the model of MboxS1 and AmbW. 
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MboxS1 AmbW 

 
C123NO3 (11.35%) 

 
PINONIC (4.37%) 

 
HO6CO9C11 (9.05%) 

 
HO7CO10C12 (3.97%) 

 
HO3C126NO3 (7.26%)  

TM123MUOOH (3.66%) 

 
HO7CO10C12 (6.53%) 

 
MXYOLOOH (3.55%) 

 
C113NO3 (4.85%) 

 
EBFUOOH (2.70%) 

Figure 4.28 Top five contributing SOA formation species from Mbox and Amb 
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In Amb, 174 species were identified to account for 95.0% of the total simulated 

aerosol mass formation; while in Mbox, 135 species were identified to account 

for 95.1% of the simulated total aerosol mass formation. Their MCM name and 

contribution to aerosol mass formation are listed in table 4.3.  

 
MboxS1 AmbW 

Species 
Contribution 

(%) 
Species 

Contribution 

(%) 

C123NO3 11.35 PINONIC 4.37 

HO6CO9C11 9.05 HO7CO10C12 3.97 

HO3C126NO3 7.26 TM123MUOOH 3.66 

HO7CO10C12 6.53 MXYOLOOH 3.55 

C113NO3 4.85 EBFUOOH 2.70 

C123CO 3.76 TM135OBPOH 2.65 

C10PAN1 3.03 PXYBPEROOH 2.02 

HO3C116NO3 2.96 TM135OLOOH 2.02 

HO5CO8C10 2.75 MXYMUCOOH 1.92 

C103NO3 1.86 TM123MUCCO 1.75 

PNNCATCOOH 1.80 MXYOBPEROH 1.74 

IPNNCATOOH 1.74 OXYBPEROOH 1.71 

C5MEJPAN 1.54 C122OOH 1.45 

C113CO 1.25 PBFUOOH 1.33 

PBNZOHNO2 1.22 MXYMUCNO3 1.32 

T123NNCOOH 1.11 TM135BPOOH 1.31 

OETLBIPNO3 1.10 HO6CO9C11 1.29 

HO3C106NO3 1.08 PXYFUOOH 1.24 

C9PAN1 1.02 TM124BPOOH 1.24 

C4PAN6 0.97 TMB1FUOOH 1.22 

C23O3ECPAN 0.85 MMALANHY 1.21 

METLOBPROH 0.85 MXYBPEROOH 1.19 

HO4CO7C9 0.84 C123OOH 1.14 

HO3CO6C8 0.81 EBZBPEROOH 1.12 

OETLMUCNO3 0.77 C106OOH 1.12 

IPBNZOHNO2 0.75 OXYOLOOH 1.11 

NMEBFUOOH 0.74 TM124OLOOH 1.08 

NIPBFUOOH 0.69 MALNHYOHCO 1.06 

C93NO3 0.69 C123CO 1.05 

PETOH 0.68 EBZOBPEROH 1.02 

IPBZOBPROH 0.68 TM124MUOOH 1.00 

NOETLQOOH 0.61 TM123OBPOH 0.99 
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MboxS1 AmbW MboxS1 AmbW 

Species 
Contribution 

(%) 
Species 

Contribution 

(%) 

C4CO2OOH 0.60 TM135BPNO3 0.97 

IPBZMUCNO3 0.60 TM124MUCCO 0.97 

MXYMUCNO3 0.55 HO3C126NO3 0.94 

C82NO3 0.55 C97OOH 0.91 

CO36C12 0.53 HO3C126OOH 0.89 

NDMMALYOOH 0.50 PXYOLOOH 0.87 

IPBZBPRNO3 0.50 HOC6H4NO2 0.86 

TM123MUNO3 0.44 PBZOBPEROH 0.80 

TMB1FUONE 0.43 C98OOH 0.79 

C23O3MCPAN 0.42 BZFUOOH 0.75 

DM124OHNO2 0.41 C59OOH 0.72 

DMPHOHNO2 0.41 EBENZOLOOH 0.71 

C813NO3 0.40 TLFUOOH 0.69 

T124NNCOOH 0.39 PBZBPEROOH 0.68 

HO3C86NO3 0.38 DMMALYOOH 0.68 

NMXYFUOOH 0.38 PBENZOLOOH 0.64 

HO3C96NO3 0.38 APINANO3 0.63 

HOEMPHNO2 0.35 MXYFUOOH 0.62 

DDECNO3 0.35 OXYQOOH 0.62 

C103CO 0.33 TM123MUNO3 0.60 

OETLMUCCO 0.32 OXYQCO 0.59 

NPBFUONE 0.31 TM135MUOOH 0.56 

TOL4OHNO2 0.31 TM123BPOOH 0.53 

H3C25C6PAN 0.30 TM124BPNO3 0.51 

C8PAN1 0.29 C124OOH 0.51 

NEBFUOOH 0.29 MXYQOOH 0.51 

NBZFUONE 0.28 C716OH 0.48 

C7CO2OHPAN 0.25 TLOBIPEROH 0.46 

NPXYFUOOH 0.24 C112OOH 0.46 

NIPRBQOOH 0.23 EBZMUCOOH 0.45 

C5PAN19 0.23 PERPINONIC 0.44 

NPBNZOLOH 0.22 C123NO3 0.43 

C719NO3 0.22 C57OOH 0.42 

NIPBFUONE 0.22 MXYMUCCO 0.42 

C7PAN1 0.20 MALANHYOOH 0.41 

CO36C11 0.20 C113OOH 0.41 

HO3C126OOH 0.19 PINALOOH 0.40 

C5M2OHOPAN 0.19 TM123BPNO3 0.39 
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MboxS1 AmbW MboxS1 AmbW 

Species 
Contribution 

(%) 
Species 

Contribution 

(%) 

C6PAN1 0.19 HO5CO8C10 0.37 

DETLMUNO3 0.19 C113CO 0.37 

C23O3CPAN 0.19 HO3C116NO3 0.37 

C3PAN1 0.18 STYRENOOH 0.36 

MXYOBPEROH 0.17 PXYBIPENO3 0.35 

C4PAN1 0.17 TLBIPEROOH 0.34 

C6PAN19 0.16 TMB2FUOOH 0.34 

METLMUCNO3 0.16 MMALNHYOOH 0.34 

C6PAN8 0.16 MXYBIPENO3 0.33 

NIPBNZOLOH 0.15 C58OOH 0.32 

UDECNO3 0.15 C108OOH 0.32 

C6EO2OHPAN 0.14 HO3C116OOH 0.30 

C5PAN17 0.14 TM123OLOOH 0.29 

NTLFUOOH 0.14 OXYBIPENO3 0.29 

NMXYQOOH 0.12 MVKOHBOOH 0.28 

IPBZMUCCO 0.12 C5M2OHOPAN 0.27 

BPINANO3 0.12 MXY1OHNO2 0.27 

NPBNZOLOOH 0.12 APINBNO3 0.25 

C58NO3 0.11 CRESOOH 0.24 

C811PAN 0.11 C7EDCOOH 0.24 

TLOBIPEROH 0.11 PXYMUCOOH 0.24 

OETLBPROOH 0.11 C107OOH 0.23 

C6MOHCOPAN 0.11 TM124QOOH 0.23 

NBZFUOOH 0.10 TM124MUNO3 0.22 

EBZOBPEROH 0.10 OXYMUCOOH 0.21 

C6PAN13 0.10 MALANHY 0.21 

C8OHCO2PAN 0.10 DM124OHNO2 0.21 

C5CO234OOH 0.09 APINAOOH 0.20 

PINONIC 0.09 C5M2OHCO3H 0.20 

EBZMUCNO3 0.09 DMPHOHNO2 0.20 

C3COCCO3H 0.09 OXY1OHNO2 0.19 

NPBFUOOH 0.09 PXYQOOH 0.19 

C93CO 0.09 TLCOBIPEOH 0.19 

DMEBMUNO3 0.08 C113NO3 0.18 

TM124OL 0.08 PBZBPERNO3 0.17 

NIPBZOLOOH 0.08 EBZBPERNO3 0.16 

HO1CO4C6 0.08 C114OOH 0.16 

CLCOCL2OOH 0.08 C98NO3 0.16 
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MboxS1 AmbW MboxS1 AmbW 

Species 
Contribution 

(%) 
Species 

Contribution 

(%) 

DDEC3ONE 0.08 C7CO2OHPAN 0.15 

C7PAN2 0.08 OXYFUOOH 0.15 

C7OHCO2PAN 0.08 DDECOOH 0.15 

NCATECHOL 0.07 TM124NOOH 0.15 

PHAN 0.07 DMKOHOOH 0.14 

MXYMUCCO 0.07 C121OOH 0.14 

TLCOBIPEOH 0.07 MXOHNO2OOH 0.14 

CO2H3CHO 0.07 TL4ONO2OOH 0.14 

NC12H26 0.07 TM135MUNO3 0.13 

C5PAN1 0.07 HO3C106NO3 0.13 

PXYMUCNO3 0.07 C7CO2OCO3H 0.13 

TM123OBPOH 0.07 C103OOH 0.12 

IPBENZOLOH 0.07 C102OOH 0.12 

CO36C10 0.07 TM123OHNO2 0.12 

C4PAN10 0.07 TM124OHNO2 0.12 

C811NO3 0.07 NMXYOLOOH 0.12 

APINANO3 0.07 C10PAN1 0.12 

HO2CO5C7 0.07 C103CO 0.11 

C123OOH 0.07 HO4CO7C9 0.11 

TM123MUCCO 0.07 PXY1OHNO2 0.11 

MALANHYOOH 0.06 MALANHY2OH 0.11 

PETLMUCNO3 0.06 PBZMUCOOH 0.10 

HO3C116OOH 0.06 PPRBQOOH 0.10 

C7MJPPAN 0.06 TM123MUCOH 0.10 

C72NO3 0.06 OXYMUCCO 0.10 

CYHXOLANO3 0.06 C614CO 0.09 

NMETLQOOH 0.06 TOL4OHNO2 0.09 

  DEMPHOH 0.09 

  EBZMUCNO3 0.09 

  TOL1OHNO2 0.09 

  PEBQOOH 0.09 

  HO3C106OOH 0.09 

  C235C6CO3H 0.08 

  PXYMUCNO3 0.08 

  PEBQCO 0.08 

  PHCOOH 0.08 

  C4PAN10 0.08 

  PPRBQCO 0.08 
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MboxS1 AmbW MboxS1 AmbW 

Species 
Contribution 

(%) 
Species 

Contribution 

(%) 

  NOXYOLOOH 0.08 

  EBZMUCCO 0.07 

  C10PAN2 0.07 

  HO8C9CO3H 0.07 

  C8OHCO2PAN 0.07 

  APINBCO 0.07 

  ACCOMECO3H 0.07 

  TLBIPERNO3 0.07 

  C7MOHCOPAN 0.07 

  C7EDCCO 0.07 

  C103NO3 0.06 

  NPXYOLOOH 0.06 

  EBFUCO 0.06 

  C5CODBCO2H 0.06 

  C7MJPPAN 0.06 

  H13CO2CO3H 0.06 

  C6MOHCOPAN 0.06 

  EBFUOH 0.06 

  C83COOHOOH 0.06 

  OXYMUCNO3 0.06 

  C614OOH 0.06 

  C7DDCCO2H 0.06 

  H13CO2CHO 0.06 

  C7MOCOCO3H 0.05 

  TLEMUCOOH 0.05 

  C7BDCOOH 0.05 

  PXYMUCCO 0.05 

  MXYOLOH 0.05 

 
Table 4.3 SOA precursors in MCM names and their contribution in forming aerosol 

 

Table 4.3 shows the different contribution towards aerosol formation in the two 

models. The top 40 species in Mbox account for 80% of SOA formation; while 

the top 40 species in ambient model only account for 65% of SOA formation. 

This indicates the industrial emission is affecting the SOA precursors’ 

composition downwind. Despite suppressing the ROOH group of secondary 

compounds, the overall simulated concentration of SOA in Mbox is relatively 
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higher than that in the ambient model (figure 4.29). This implies the industrial 

emission, characterised by relatively high aldehyde distribution and PAN-type 

species generated via atmospheric degradation, is the limiting factor of the 

enhanced SOA formation. It is found that NO2 enhance the SOA formation from 

some aldehyde species, including acrolein, methacrolein and crotonaldehyde; 

also, PAN chemistry plays an important role in SOA formation (Chan et al., 

2010).  

 

In addition to the SOA formed via glyoxal and methylglyoxal irreversible uptake, 

it is suggested the industrial emission may affect the composition of SOA 

precursors and SOA concentration downwind from the refinery. 

 

It must be stressed that this is only a preliminary result and the industrial 

emitted aerosol is not taken into account. Previous studies have shown SOA 

results are still highly uncertain, scaling factors need to be applied and 

validating the actual measurement (Johnson et al., 2004, 2005; Johnson et al., 

2006). Therefore, it requires further research and measurement to evaluate the 

simulated results in this study. This preliminary study however, demonstrates 

how changing VOC and NOx emissions downwind of an industrial source can 

influence the distribution of SOA precursors compared to a background ambient 

airshed. 

Figure 4.29 Comparison of simulated secondary organic aerosol temporal concentrations 

between different model scenarios 
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4.6 Perth Airshed Model developments 

 

With reference to the AmbW model developed for the Bunbury airshed, a 

preliminary Perth airshed model (Saunders and Ma, 2003; Saunders and Todd, 

2005), was also updated and extended. This model at the outset was intended 

to be used to scale down for the Bunbury study; however, through assessment 

of the available emissions inventory data, it was determined that the emissions 

profiles of the larger Perth region were classically urban. The scaled down 

model would generate ozone levels significantly higher than observations in the 

Bunbury area.  Observations in the Bunbury region never show ozone at levels 

of concern (Johnson, 2003); and well below the NEPI recommended guideline: 

80 ppb for 4-hour average, (NEPI, 2003). However, the larger scale Perth 

metropolitan region (Figure 4.30) does experience poor air quality, generally on 

several days in a year, with ozone levels exceeding 100 ppb (Runnion, 2001).  

With the current and anticipating economic development and growth in the 

region, these occurrences are highly likely to increase. Hence an understanding 

of the major drivers to elevated ozone will lead to assisting future policy 

development for the larger region. Therefore this model was developed to 

enable the first comprehensive analysis of conditions that lead to elevated 

ozone levels observed in the region. Sections 4.6.2-4 show the development of 

the models and updates which have been incorporated. 

 
Figure 4.30 Location map of the Perth region (EPA, 1996) 
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4.6.1 Perth region photochemical pollution 
 

The Perth airshed currently only experiences exceedances of the guideline for 

ozone on a few days each year on calm summer days (figure 4.31). But with the 

continuous economic growth and dependence on motor vehicles, it is likely that 

the number of days of poor air quality will increase. Though a detailed 

emissions inventory is available with ongoing updates, there is no 

understanding of which VOCs are contributing significantly to the levels of O3 

observed in the region. The overall emissions profile, biogenic components, 

geographic location, and conditions in the southern hemisphere, are quite 

different to other regions where such investigations have been carried out, e.g. 

in Europe, USA and China.  

 

This study is the first comprehensive analysis of VOC impacts in the Perth 

airshed. It enables an assessment of individual VOC impacts to compare with 

those reported in the literature; and to provide guidance on what targeted 

emission reductions would have most impact in the region. 

 
Figure 4.31 Trajectories on a typical Perth smog day  (EPA, 1996) 

 

4.6.2 Comparison of simulated and observed data 
 

Preliminary work (Saunders and Ma, 2003; Saunders and Todd, 2005) had 

shown that Perth experiences single day ozone events that could be simulated 
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in a similar manner to a model developed for California (Derwent et al., 2001). 

Hence, the model description and analysis method are only briefly described 

here. 

  

The model 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. The horizontal dimensions of the air parcel are 10 x 

10 km. When the air parcel moves through a typical trajectory, it picks up hourly 

emissions of anthropogenic and biogenic VOCs, CO, NOx, SO2 and 

experiences photochemical and deposition processes. The anthropogenic 

emission inventory employed in this study was retrieved from the West 

Australian section of the National Pollutant Inventory (NPI, 2007), for the Perth 

airshed region (see figure 4.30) of area 40 x 70 km grided over 3 x 3 km cells. 

The biogenic VOC (BVOC) emissions used in this study are estimated from the 

only available data sources DEC (NPI, 2007, and SKM, 2003). Only emissions 

of isoprene, α- and β-pinene obtained were used in the Perth model as these 

three species accounted for the majority of the total BVOC emission in the 

region. The emissions data is representated as hourly emission rates in a 

bimodal format as a reflection of increased emissions in both the early morning 

and afternoon peak periods, and the distribution of the 139 primary emitted 

VOC is made using the compound catergories and sectors defined in the Perth 

photochemical smog study  (Cope and Ischtwan, 1995).  

 

The main observational data used to define initial cconditions and evaluate 

model performance were taken at the Perth, Caversham AQMS (see figure 4.30) 

location (latitude 22°43′N, longitude 113°33′E). This site experiences the most 

elevated ozone concentrations associated with the meteorological conditions 

leading to the development of high ozone concentrations in the region. The 

measured chemical species include O3, CO, SO2, NOx. 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 based on available 

measurements (DEC, Zardin Personel Communication), as follows: Initial 

concentrations were set for HCHO at 1 ppb, CH3CHO at 2 ppb, CH3COCH3 at 1 
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ppb, CH3OH at 4 ppb, C5H8 at 2 ppb, toluene at 1 ppb with NOx at 10ppb, CO 

at 150ppb, CH4 at 1790ppb and O3 at 20 ppb. 

 

The extended and updated MCM mechanism, IUPAC data and phololysis codes 

described in section 3.2 were also utilized in this model. 

 

To have confidence in the results concerning O3, the updated and extended 

model output was evaluated with observations from the Perth DEC’s Air Quality 

Management Branch (AQMS) network. The model simulated peak O3 very well 

attaining levels in the afternoon around 110 ppb, as well as the low level of NOx 

(Figure 4.32). Hence this was adopted as the base case model. 

 
Figure 4.32 Simulated Perth O3 and NOx temporal concentration 

 

4.6.3 Contribution of individual VOCs to O3 formation 
 

The index of Photochemical Ozone Creation Potentials (POCPs) enables the 

ranking of species based on their potential to form O3 according to their 

reactivity and emission in their specific environment (Derwent et al., 2007b). It 

can also be applied to analyse the POCPs from different organic compound 

emission sources (Derwent et al., 2007b, a). The concept of POCPs was initially 

developed to determine the role of individual VOCs in O3 formation in north-

west Europe (Derwent and Jenkin, 1991a), and previous versions of the MCM 

have been applied to calculation of POCP values (Derwent et al., 1996; 
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Derwent et al., 1998). The POCP for a particular VOC is determined by 

quantifying the effect of a small incremental increase in its emission on O3 

formation 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). The POCP for the given VOC ‘i’ is defined by equation (viii). 

 

   (viii) 

 

 

POCP values for the Perth airshed were calculated for all 139 non-methane 

VOCs using the extended MCM v3.1 and listed table 4.4. 

 

In complementary work during the course of this study, new collaborations were 

established between the AECR group at UWA, and the team of Dr. Guo Hai at 

Hong Kong Polytechnic University. Significant contributions to develop an MCM 

based airshed model for the Pearl River Delta (PRD) region of South China 

have been made. The PRD study also utilises the updated and extended 

version of MCMv3.1 developed in this project. POCP values were also 

calculated and provide further data for comparison between geographic 

locations. A summary of the reported POCP values in the literature are included 

in table 4.4. The PRD study was published in Atmospheric Environment (Cheng 

et al., 2010).  

 

The comparison of the POCP values of VOCs in the Perth region obtained by 

using the extended MCM v3.1a from this study with those calculated in Europe 

(Derwent et al., 2007b), the U.S. (Derwent et al., 2001) and China (Cheng et al., 

2010) shows that there was similar general trends in POCP values of VOCs. 

The trend showed that alkanes and oxygenated organic compounds have 

relatively low POCP values while alkenes and aromatics have high POCP 

values. There are notable differences between the Perth values and those of 

other regions.  

 

Alkenes are a relative group contributing significant O3 formation in the Perth 

region. 2,3-dimethyl but-2-ene (214) has the highest impact in O3 formation 
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amongst the other VOCs species. Comparing to the other regions, 1-pentene, 

but-1-ene and hexanes have smaller potentials in forming O3. 

 

The Perth POCP values of the least reactive aromatics are significantly lower  

than those in Europe, U.S. and PRD. For example, the POCP value of p- ethyl 

toluene has POCP values of 0 the Perth region but 29 in U.S. 35 in PRD and 46 

in Europe. 

 

The POCPs of the halogenic species have also been calculated in both Perth 

and PRD regions. Generally, they have low and even negative POCP values. 

Though this group does not have the highest potential in forming O3 in the 

troposphere, it is significant in stratospheric O3 depletion. Because of their 

relative long atmospheric lifetimes, some of the species can be exchanged to 

stratosphere and destroy O3, e.g. HFC. The new data here shows the 

unsaturated compounds, especially, vinyl chloride has POCP values of 69 in 

Perth and 68 in PRD which are comparable with some alkenes species in the 

respective regions. 

 

Even though Perth is the cleanest airshed site for which POCP values have 

been determined so far, the data are still valuable in considering future 

emissions growth in the region. It informs which species should be targeted in 

VOC reduction candidates to reduce the potential of secondary pollution events 

in Perth.  
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POCP U.S. Europe PRD Perth 

VOC species 
(Derwent et al. 

2001) 

(Derwent et al., 

2007b) 
Appendix F This work 

Alkanes 

Ethane 4 8 9 1 

Propane 9 14 13 6 

Butane 13 31 31 10 

i-Butane 23 28 28 21 

Pentane 18 40 34 6 

i-Pentane 21 34 36 17 

Neopentane 11 18 14  

Hexane 14 40 38 3 

2-Methylpentane 22 41 39 10 

3-Methylpentane 23 43 47 14 

2,2-Dimethylbutane 13 22 19 3 

2,3-Dimethylbutane 23 50 47 8 

Heptane 11 35 42 -2 

2-Methylhexane 19 32 42 11 

3-Methylhexane 18 42 50 7 

Octane 5 34 37 -9 

Nonane 2 34 40 -9 

Decane 4 36 46 -4 

Undecane 4 36 45 -7 

Dodecane 4 33 46 -9 

Cycloalkanes 

Cyclohexane 23 28 39 28 

Alkenes 

Propylene 122 117 159 118 

But-1-ene 100 104 102 49 

Cis-but-2-ene 131 113 204 143 

Trans-but-2-ene 147 116 213 161 

1,3-Butadiene 111 89 115 102 

Cis-pent-2-ene 124 109 158 87 

Trans-pent-2-ene 119 111 158 88 

1-Pentene 90 95 84 35 

2-Methylbut-1-ene 90 75 90 94 

3-Methylbut-1-ene 79 73 73 55 

2-Methylbut-2-ene 125 82 181 187 

Isoprene 135 114 172 105 

Hex-1-ene 59 88 91 42 

Cis-hex-2-ene 94 104 132 63 
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POCP U.S. Europe PRD Perth 

VOC species 
(Derwent et al. 

2001) 

(Derwent et al., 

2007b) 

Appendix 

F 

This 

work 

Alkenes continued 

Trans-hex-2-ene 102 102 132 63 

Alpha-pinene 84 68 152 78 

Beta-pinene  33 110 71 

Limonene  71   

2,3-dimethyl but-2-ene   163 214 

2-methyl propene    112 

Aromatics 

Benzene  10 3 -6 

Toluene  44 37 8 

o-Xylene  78 93 24 

m-Xylene  86 113 34 

p-Xylene  72 88 16 

Ethylbenzene  46 35 2 

Propylbenzene  38 24 0 

i-Propylbenzene  32 24 3 

Ether  105 168 53 

1,2,4-Trimethylbenzene  110 181.7 69 

1,3,5-Trimethylbenzene  107 198 92 

o-Ethyltoluene  73 70 5 

m-Ethyltoluene  78 87 16 

p-Ethyltoluene  63 61 0 

3,5-Dimethylethylbenzene  104 171 64 

3,5-Diethyltoluene  98 146 37 

1,2,3,5-
Tetramethylbenzene 

 104   

1,2,4,5-
Tetramethylbenzene 

 100   

1-Methyl-4-i-
propylbenzene 

 75   

1-Methyl-3-i-
propylbenzene 

 88   

Styrene  5 -36 -18 

Oxygenates 

Formaldehyde 72 46 58 74 

Acetaldehyde 56 55 111 35 

Propionaldehyde 51 72 70 -31 

i-Propionaldehyde  50  4 

Butyraldehyde 49 70 59 -28 

Pentanal 42 71 76 -8 
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POCP U.S. Europe PRD Perth 

VOC species 
(Derwent et al. 

2001) 

(Derwent et al., 

2007b) 

Appendix 

F 

This 

work 

Oxygenates continued 

Benzaldehyde  -19 -84 -95 

Methanol 15 13 11 7 

Ethanol 14 34 35 9 

Propanol 25 48 42 8 

i-Propanol 16 18 21  

Butanol 24 52 43 2 

i-Butanol 33 36 38  

sec-butanol 26 40 46 18 

t-Butanol 9 2 9 22 

3-Methyl-1-butanol 46 44 50 31 

Cyclohexanol 32 45 66 31 

Diacetone alcohol 20 29 28 12 

3-pentanol 28  50 9 

2-methyl 1-butanol 31  47 13 

2-propanol   46 14 

Ethylene glycol 19 33 21 0 

Propylene glycol 22 39 44 2 

Acrolein  54  3 

Methacrolein  92 35 -21 

Ethylene oxide   1 -2 

Crotonaldehyde   49 -17 

Dimethoxymethane   17  

i-Butyraldehyde 56  51  

Acryladehyde   28  

Acetone -4 6 8 -1 

Methylethylketone 13 32 27 4 

Methyl-i-butylketone 48 52 64 27 

Cyclohexanone 23 29 40 27 

Methylpropylketone 48 -1 45 5 

Methyl formate/Formic 
acid 

4 3 2 0 

Methyl acetate 6 7 5 2 

Ethyl acetate 10 19 18 8 

i-Propyl acetate 18 21 76 19 

Butyl acetate 12 26 23 5 

n-Propyl acetate 13 24 23 7 

Acetic acid 6 9 9 8 
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POCP U.S. Europe PRD Perth 

VOC species 
(Derwent et al. 

2001) 

(Derwent et al., 

2007b) 

Appendix 

F 

This 

work 

Oxygenates continued 

Propanoic acid 9 13 13 6 

Dimethylether 21 18   

Diethylether 59 46 72 66 

Di-i-propylether 50 44 55 52 

2-Butoxyethanol 36 45 58  

1-Methoxy-2-propanol 34 34 55 31 

2-Methoxyethanol 35 29 38 26 

2-Ethoxyethanol 44 37  37 

1-butoxy 2-propanol -21  77 30 

s-butyl acetate 20  30 18 

ethyl t-butyl ether    17 

methyl formate 0  2 0 

t-butyl acetate 3  5 1 

Glyoxal  22   

Methylglyoxal  101   

2-hexanone 19  47 1 

3-hexanone 19  45 -6 

methyl t-butyl ketone 13  17 6 

diethyl ketone 16  26 -2 

methyl I-propyl ketone   33 10 

tert-Butyl ethyl ether 27  29  

2-Methyl-2-butannol   23  

Methyl t-butyl ether 12  16  

Other VOCs 

Acetylene  7 6 1 

Propyne  73   

Halocarbons 

Methylene dichloride 4 3 3 -1 

Ethyl chloride  11 8 1 

Tetrachloroethylene 0 1 2 1 

Trichloroethylene 13 29 24 11 

Ethylidene dichloride  54 5 0 

Methyl chloroform 0 -1 1 0 

Methyl chloride 1 1 1 -2 

Cis-dichloroethylene 22 0 39 19 

Trans-dichloroethylene 21 -1 35 17 

Chloroform 1 0 2 -2 
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POCP U.S. Europe PRD Perth 

VOC species 
(Derwent et al. 

2001) 

(Derwent et al., 

2007b) 

Appendix 

F 

This 

work 

Halocarbons continued 

1,2-Dichloroethane   5 0 

1,2-Dibromoethane   1 -2 

Bromomethane   1 1 

1,1,2-trichloroethane   4 -1 

1,1-dichloroethene   58 43 

1,1,2,2-tetrachloroethane   7 1 

1,2-dichloropropane   5 0 

Vinyl chloride   68 69 

 

Table 4.4 Comparisons of POCP values for selected species between Europe, the U.S., PRD 

(China) and Perth. 
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4.7 Summary 

This chapter reveals the results and discussion of the modelling work. In 

summary, beginning with the model evaluation of the Bunbury airshed, the 

model evaluation shows good agreement with the available on site 

observational data for O3 and key species which provide confidence in 

assessing the secondary organic compounds. As the simulated results 

presented do not take the local meteorological process into account (ie. no 

dispersion/dilution) they must not be interpreted as the actual situation generally. 

Instead, they represent the potential level of the photochemical processing and 

composition, i.e. a worst case scenario. 

 

The overall analysis strategy of comparing the simulated results from Mbox to 

the ambient model after the refinery region, means the effect of the industrial 

emission downwind can be characterised and quantified. Secondary organic 

compounds are grouped according to their functional group.  

 

The photochemical evolution for target species and most of the secondary 

organic compound classes show little variation by the end of the simulating 

period. Indeed the simulations indicate that the Bunbury airshed has no 

significant gas phase air pollutants that even approach levels of concern for any 

of the NEPM (NEPM, 2004) regulated species.  

 

However, comparing to the ambient model, the simulated results in Mbox show 

total PAN-type species (~0.1 ppb) and dicarbonyl species (<2 ppb) are slightly 

elevated while the organic hydroperoxide groups’ concentration is suppressed. 

Though the overall differences amount to less than 1 ppb (remember no 

dispersion or dilution has been taken into account), evaluation of the drivers of 

these differences reveals a better understanding of the interplay of VOC and 

NOx, and how this leads to changes in secondary product evolution. 

 

It is suggested that the industrial emission has produced a relatively rich NOx 

environment (compared to ambient) which enhances NO2 production and hence 

increases the OH radical concentration(reaction 1.15). 
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HO2  +  NO    NO2  +  OH  (1.15) 

 

Rate of production analysis was conducted for PAN which accounts for 50% of 

the total PAN-type species. The major emitted carbonyl species, i.e. acetone 

and acetaldehyde, combined with the elevated NO2 and the increased OH are 

suggested to contribute to the elevated PAN concentration (0.1 ppb above 

ambient model results) observed later in the afternoon.  

 

Rate of production analyses have also been conducted for glyoxal and 

methylglyoxal. They are key degradation products from some of the target 

emitted species, including crotonaldehyde, acrolein, o-xylene, p-xylene, toluene, 

benzene, ethylbenzene and 1,2,4-trimethylbenzene.  The elevated OH radical 

level through NO-NO2 conversion, together with the target emitted species, are 

suggested to be contributing to the elevated formation of glyoxal and 

methylglyoxal (both 0.1 ppb above ambient model results).  

 

On the other hand, the rich NOx environment has suppressed the formation of 

organic hydroperoxides. Organic hydroperoxides and species with aldehyde 

functionalities are the major mass contributors to SOA. According to the 

preliminary simulation results, the SOA concentration has increased in Mbox. 

This suggests the species with aldehyde functionalities are significant in forming 

SOA. Due to the relatively high concentration of aldehydes in the refinery 

emission, the SOA precursor distribution displays differences in Mbox 

compared with the ambient model. In addition to this, other SOA precursors 

such as glyoxal and methylglyoxal were slightly elevated in the refinery model 

secondary products.  Based on these findings, it is suggested that SOA 

formation may be slightly elevated downwind from the refinery.  The level of 

elevation requires further and more specific analysis. 
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Chapter 5 Conclusion  
 

This study is a unique integration of comprehensive industrial emission data 

with a state of the art chemical mechanism to investigate the extremely complex 

atmospheric degradation processes and uncertain chemical composition in 

semi-rural Western Australia. 

 

Alcoa Australia limited has provided access to all the emission data from 

alumina refineries.  A robust statistical approach has been implemented to 

determine the mass emissions of 25 organic compounds including; 

formaldehyde, acetaldehyde, propanal, crotonaldehyde, acetone, 

methylethylketone, benzene, toluene, xylene, styrene, 1,2,3-trimethylbenzene, 

1,3,5-trimethylbenzene and ethylbenzene from 15 stacks to represent 96% of 

the total refinery organic compound emission. The data was collected from 

January 2003 to December 2006 using USEPA and NATA approved sampling 

and analytical methods. The mean, median 50th percentile, 97.5th percentile (2 

sigma) and 99.865th percentile (3 sigma) were calculated. Combing the 

continuous monitoring data for combustion gaseous, a comprehensive set of 

emission data, possibly the first of its kind in the world, is used in this study. 

  

New degradation mechanisms were developed specifically for the targeted 

species which are not currently represented in MCMv3.1 as primary emitted 

species. Though these species account for less than 1% of the total emission, 

the mechanisms were developed to accurately represent the targeted species 

degradation. In total, 61 new species and 325 reactions were created and 

incorporated into the MCM database. The key degradation products in these 

mechanisms include acetaldehyde, glyoxal and methyglyoxal. These 

mechanisms are made available for the international atmospheric chemistry and 

environmental science communities via the MCM website. 

 

Two photochemical trajectory models embedded with near-explicit chemical 

mechanisms were developed to investigate the atmospheric degradation and 

composition downwind from the refinery. Updates have been made on the 

complex rates according to the recommendation from IUPAC in both models; 
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and SAR calculation for estimating the new species OH radical initiated reaction 

rates.  

 

Photolysis rates were calculated according to the latitude of the Alcoa alumina 

refinery in the southern hemisphere by using the TUV model. Instead of the two 

stream model used in the original MCM model, a polynomial model (up to 

degree of 6) is introduced to describe the photolysis rates in the study area. The 

background concentration and emission of these models have been carefully 

initialised using the available on-site observational data and scaled down from 

the Bunbury emission inventory. 

 

The first model, ambient model, is an artificial model developed to describe the 

chemical transformation and composition in the vicinity without the influence of 

the refinery emission. The emission input of this model only takes the scaled 

down Bunbury emissions into account. Since biogenic emissions are dominant 

in this model; the results indicate the atmospheric degradation and composition 

of a typical semi-rural area.  

 

The second model, Mbox, is a simple 1-dimensional model describing an air 

parcel picking up a 3-hour industrial emission in the morning moving along an 

idealised trajectory entrained with background emission for 24 hours. The 

industrial emissions are instantaneously mixed throughout the air parcel which 

extends from the ground to the top of the boundary layer (between 300 – 1800 

m above ground). The simulated O3 and key species concentrations from Mbox 

show good agreement with the on site observational data, together with the 

detailed chemical mechanisms, these give confidence for further analysis in 

secondary organic compounds. By comparing the simulated results from Mbox 

to the ambient model after the refinery region, the effect of the industrial 

emission downwind can be characterised and quantified.  

  

For atmospheric composition analysis, the secondary organic compounds in the 

model are grouped according to their functional groups including aldehydes 

(699 species), ketones (1197 species), carboxylic acids (164 species), 

hydroperoxides (999 species), nitrate compounds (496 species), dicarbonyl 
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(296 species), ester (341 species) and peroxyacetyl nitrate (PAN-type) species 

(220 species).  

 

Though the photochemical evolution from the target species shows little 

variation by the end of the simulating period as follows, there are some 

differences observed in the secondary organic compound groups. The scale of 

these changes is no more than a few ppb at most, and more generally less than 

1 ppb at the end of the simulation period. This implies that though the changes 

are small the industrial emission is minimally changing the atmospheric 

composition several hours downwind from the refinery.  The simulated results in 

Mbox show total PAN-type species and dicarbonyl species have slightly 

increased compared to the ambient model by 0.8 and 0.6 ppb respectively; 

whilst the organic hydroperoxide group is suppressed. 

 

The simulated increase in secondary organic compounds was attributed to two 

main factors: 

 

1) The industrial emission has produced a relatively rich NOx environment 

(compared with rural background levels) which enhances the NO2 production 

and the concentration of the OH radicals; thereby, promoting VOC oxidation. 

 

2) The major emitted species from the refinery emission, i.e. acetone and 

acetaldehyde, combined with the elevated NO2 and the increased OH are 

suggested to contribute to the elevated PAN concentration (by 0.4 ppb) 

observed later in the afternoon; while the increased  formation of glyoxal and 

methylglyoxal is due to the enhanced VOC oxidation from their precursors, i.e. 

crotonaldehyde, acrolein, o-xylene, p-xylene, toluene, benzene, ethylbenzene 

and 1,2,4-trimethylbenzene. 

 

Nevertheless, the relatively rich NOx environment has lowered the efficiency in 

forming organic hydroperoxide. Organic hydroperoxides and species with 

aldehyde functionalities are the major mass contributors to SOA. With the 

relatively high concentration of aldehyde from the refinery emission, the SOA 

precursor distribution displays that the suppression of hydroperoxides gives a 
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different distribution between the Mbox and the ambient model. And this leads 

into suggestions for future work. 

 

In addition the developed methodology has also been applied into two 

additional projects: Reactivity-based strategies for photochemical ozone control 

in Western Australia and photochemical ozone formation in the Pearl River 

Delta assessed by a photochemical trajectory model (published in Atmospheric 

Environment, Appendix F). These projects show the application of implementing 

the MCM with detailed speciated VOCs emission inventories to assess regional 

photochemical pollution and reactivity-based VOC emission control strategies.  

 

Future Developments 
For future consideration, on-site OH radical and photolysis rate measurement in 

both winter and summer time are most needed to evaluate the simulation 

results. More ultra fine particle measurement from stack emission as well as in 

the background is required to construct and evaluate the SOA model. The 

biogenic emission in Western Australia and its corresponding atmospheric 

degradation needs to be updated and developed, as recent literature has shown 

biogenic emission evaluation indicates BVOCs as a major source of SOA 

(Goldstein and Galbally, 2007).  

 

By using the detailed speciated emission database, near-explicit chemical 

mechanisms and tailored photochemical trajectory models, the potential 

secondary organic compound composition and their evolution have been 

identified. The methodology developed in this work and the results suggest 

what classes of secondary organic compounds would be generated downwind 

from the refinery. This is valuable for the observation and monitoring parties to 

identify potential target secondary organic species in future work. 

 

Future work will also be in extending the collaborative developments in South 

China and further detailed analysis of the differences of POCPs for Perth 

compared with other locations. Here detailed methodology, analysis and 

discussion will be provided in a planned manuscript for submission to a peer-

review journal. 
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Appendix B – Target species mechanisms 
In this appendix, the complete atmospheric degradation mechanisms of vinyl 

chloride, ethylene oxide, acrolein, methacrolein and crotonaldehyde are presented. 

They have been written with reference to the MCM protocols. 

 

All codes are written using unique MCM species code names and in FACSIMILE 

format. Structures of the species can be found on the MCM website 

(http://mcm.leeds.ac.uk/MCM/). 
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Vinyl Chloride atmospheric degradation 
 

Rate Reaction 

OH initiated reactions 

0.5 *8.49E-12 VINCL + OH = CH2OHCCLO2 

2.54E-12*EXP(360/298)*2.2 CH2OHCCLO2 + NO = CH2OHCCLO + NO2 

2.50E-12 CH2OHCCLO2 + NO3 = CH2OHCCLO + NO2 

7.80E-12 CH2OHCCLO2 + HO2 = COHCCLOOH 

0.6*8.8E-13*RO2 CH2OHCCLO2 = CH2OHCCLO 

0.2*8.8E-13*RO2 CH2OHCCLO2 = CH2OHCOCL 

0.2*8.8E-13*RO2 CH2OHCCLO2 = CH2OHCCLOH 

KDEC CH2OHCCLO = HCHO + CHOCL + HO2 

J<41> COHCCLOOH = CH2OHCCLO + OH 

2.08E-11 COHCCLOOH + OH = CH2OHCCLO2 

J <15> CH2OHCOCL = HCHO + HO2 + Cl + CO 

2.03E-12 CH2OHCOCL + OH = CL1GLYOX + HO2 

1.29E-12 CH2OHCCLOH + OH = CH2OHCCLO 

0.5 *8.49E-12 VINCL + OH = CCLOHCH2O2 

2.54E-12*EXP(360/298)*1.6 CCLOHCH2O2 + NO = CHCLOHCO + NO2 

2.50E-12 CCLOHCH2O2 + NO3 = CHCLOHCO + NO2 

2.91E-13*EXP(1300/298)*(1-EXP(-0.245*2)) CCLOHCH2O2 + HO2 = CCLOHCOOH 

0.6*2.0E-12*RO2 CCLOHCH2O2 = CHCLOHCO 

0.2*2.0E-12*RO2 CCLOHCH2O2 = CCLOHCHO 

0.2*2.0E-12*RO2 CCLOHCH2O2 = CH2OHCCLOH 

KDEC CHCLOHCO = HCHO + CHOCL + HO2 

J<15> CCLOHCHO = CHCLOHCO + OH 

4.60E-11 CCLOHCHO + OH = CCLOHCO3 

KNO3AL CCLOHCHO + NO3 = CCLOHCO3 + HNO3 

8.1E-12EXP(270/298) CCLOHCO3 + NO = CHOCL + HO2 + NO2 

KFPAN CCLOHCO3 + NO2 = CLOHPAN 

4.10E-12 CCLOHCO3 + NO3 = CHOCL + HO2 + NO2 

0.71*7.8E-12 CCLOHCO3 + HO2 = CLOHCO3H 

0.29*7.8E-12 CCLOHCO3 + HO2 = CLOHCO2H + O3 

0.7*5.0E-12*RO2 CCLOHCO3 = CHOCL + HO2 

0.3*5.0E-12*RO2 CCLOHCO3 = CLOHCO2H 

5.33E-12 CLOHCO3H + OH = CCLOHCO3  

J<41> CLOHCO3H = CHOCL + HO2+ OH 
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2.24E-12 CLOHCO2H + OH = CHOCL + HO2 

KBPAN CLOHPAN = CCLOHCO3 + NO2 

1.74E-12 CLOHPAN + OH = CCLOHCO3 + NO2 

1.13E-12 CL1GLYOX + OH = CO + CO + CL 

1.44E-12EXP(-1862/298) CL1GLYOX + NO3 = CO + CO + CL + HNO3 

J<34> CL1GLYOX = CO + CO + HO2 + CL 

O3 initiated reactions 

0.76*2.45E-19 VINCL + O3 = CHOCL + CH2OOB 

0.23*2.45E-19 VINCL + O3 = HCHO + CHCLOOA 

KDEC*0.25 CHCLOOA = CHCLOO 

KDEC*0.355 CHCLOOA = OH + CO + CL 

KDEC*0.5*0.395 CHCLOOA = HO2 + CL 

KDEC*0.5*0.395 CHCLOOA = HCL 

7.00E-14 CHCLOO + SO2 = CHOCL + SO3 

1.20E-15 CHCLOO + CO = CHOCL 

1.00E-14 CHCLOO + NO = CHOCL + NO2 

1.00E-15 CHCLOO + NO2 = CHOCL + NO3 

6E-18*H2O CHCLOO = CHOCL + H2O2 

1E-17*H2O CHCLOO = CLCO2H 

5.20E-13 CLCO2H + OH = CL 

NO3 initiated reactions 

0.65*2.3E-16 VINCL + NO3 = CNO3CLO2 

0.35*2.3E-16 VINCL + NO3 = CCLNO3O2 

2.54E-12EXP(360/298)*2.2 CNO3CLO2 + NO = CNO3CLO + NO2 

2.50E-12 CNO3CLO2 + NO3 = CNO3CLO + NO2 

5.20E-12 CNO3CLO2 + HO2 = CNO3CLOOH + OH 

0.6*2E-12*RO2 CNO3CLO2 = CNO3CLO 

0.2*2E-12*RO2 CNO3CLO2 = CNO3CLOH 

0.2*2E-12*RO2 CNO3CLO2 = CNO3OCL 

KROSEC*O2 CNO3CLO = CNO3OCL + HO2 

KDEC CNO3CLO = NO2 + HCHO + CHOCL 

J<41> CNO3CLOOH = CNO3CLO + OH 

5.20E-12 CNO3CLOOH + OH = CNO3CLO2 

5.98E-13 CNO3CLOH + OH = CCLOHCHO + NO2 

J<22> CNO3OCL = HCHO + NO2 + CO + CL 

J<56> CNO3OCL = CHCLOHCO + NO2 

J<57> CNO3OCL = HCHO + CO + CL + NO2 

3.63E-13 CNO3OCL + OH = CL1GLYOX + NO2 
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2.54E-12EXP(360/298)*1.6 CCLNO3O2 + NO = CCLNO3CO + NO2 

2.50E-12 CCLNO3O2 + NO3 = CCLNO3CO + NO2 

2.91E-13EXP91300/298)[(1-EXP(-0.245*2)] CCLNO3O2 + HO2 = CCLNO3COOH + OH 

0.6*2E-12*RO2 CCLNO3O2 = CCLNO3CO 

0.2*2E-12*RO2 CCLNO3O2 = CCLNO3COH 

0.2*2E-12*RO2 CCLNO3O2 = CCLCONO3 

KROSEC*O2 CCLNO3CO = CCLCONO3 + HO2 

KDEC CCLNO3CO = HCHO +CHOCL + NO2 

1.01E-11 CCLCONO3 + OH = CO + CHOCL + NO2 

J<15> CCLCONO3 = HO2 +CO +  CHOCL + NO2 

J<56> CCLCONO3 = CHOCCLO + NO2 

J<57> CCLCONO3 = CHOCL + CO + HO2 + NO2 

J<41> CCLNO3COOH = CCLNO3CO + OH 

4.37E-12 CCLNO3COOH + OH = CCLNO3O2 

1.69E-12 CCLNO3COH + OH = CCLCONO3 + HO2 

 

In total, 31 new species were created for vinyl chloride atmospheric degradation 

mechanisms. They are : VINCL CH2OHCCLO2 CH2OHCCLO COHCCLOOH 

CH2OHCOCL CH2OHCCLOH CL1GLYOX CCLOHCH2O2 CHCLOHCO 

CCLOHCOOH CCLOHCHO CCLOHCO3 CLOHPAN CLOHCO3H CL1GLYOX 

CHCLOOA CHCLOO CLCO2H COCLO CNO3CLO2 CCLNO3O2 CNO3CLO 

CNO3CLOOH CNO3CLOH CNO3OCL CCLNO3CO CCLNO3COOH 

CCLNO3COH CCLCONO3 CLOHCO2H CHOCCLO. 
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Ethylene oxide atmospheric degradation 
 

Rate Reaction 

OH initiated reactions 

0.95D-13 ETHOX + OH = ETHOXO2 

KRONO2 ETHOXO2 + NO = HCOCH2O + NO2 

KRO2NO3 ETHOXO2 + NO3 = HCOCH2O + NO2 

KRO2HO2*0.387 ETHOXO2 + HO2 = ETHOXOOH 

0.6*8.8D-13*RO2 ETHOXO2 = HCOCH2O 

0.2*8.8D-13*RO2 ETHOXO2 = ETHOXTHER 

0.2*8.8D-13*RO2 ETHOXO2 = ETHOXOH 

J<41> ETHOXOOH = HCOCH2O + OH 

7.15E-12 ETHOXOOH + OH = ETHOXO2 

J<13> ETHOXTHER = ETHOXO2 + HO2 + CO 

1.18E-13 ETHOXTHER + OH = ETHOXO3 

1.71E-12 ETHOXOH + OH = ETHOXO2 

KRONO2 ETHOXO3 + NO = CO + HO2 + NO2 

KRO2NO3 ETHOXO3 + NO3 = CO + HO2 + NO2 

KRO2HO2*0.387 ETHOXO3 + HO2 = ETHOXO3OOH 

8.8D-13*RO2 ETHOXO3 = CO + HO2 

J<41> ETHOXO3OOH = CO + HO2 + OH 

3.77E-12 ETHOXO3OOH + OH = ETHOXO3 

 

7 new species were created for ethylene oxide atmospheric degradation 

mechansim: ETHOX, ETHOXO2, ETHOXOOH, ETHOXONE, ETHOXOH, 

ETHOXO3, ETHOXO3OOH. 
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 Acrolein atmospheric degradation 
 

Rate Reaction 

OH initiation 

0.45*2.00E-11 ACR + OH = ACO3 

0.35*2.00E-11 ACR + OH = OCCOHCO2 

0.20*2.00E-11 ACR + OH = ACO3B 

0.95*KRO2NO OCCOHCO2 + NO = OCCOHCO + NO2 

0.05*KRO2NO OCCOHCO2 + NO = C42AOH 

KRO2NO3 OCCOHCO2 + NO3 = C42AOH + NO2 

0.6*0.52*KRO2HO2 OCCOHCO2 + HO2 = OCCOHCOOH 

0.4*0.52*KRO2HO2 OCCOHCO2 + HO2 = C32OH13CO + O3 

0.8*2.0E-12*RO2 OCCOHCO2 = OCCOHCO 

0.1*2.0E-12*RO2 OCCOHCO2 = C32OH13CO 

0.1*2.0E-12*RO2 OCCOHCO2 = OCCOHCOH 

KDEC OCCOHCO = HCHO + GLYOX + HO2 

J<41> OCCOHCOOH = OCCOHCO + OH 

9.26E-11 OCCOHCOOH + OH = OCCOHCO2 

6.22E-11 OCCOHCOH + OH = A2PANOO 

KAPNO A2PANOO + NO = A2PANO + NO2 

KRO2NO3*1.60 A2PANOO + NO3 =  A2PANO + NO2 

KFPAN A2PANOO + NO2 = A2PAN 

KBPAN A2PAN = A2PANOO + NO2 

1.87E-11 A2PAN + OH = HOCH2CHO + CO + NO2 

KAPHO2*0.71 A2PANOO + HO2 = C2OHOCOOH 

KAPHO2*0.29 A2PANOO + HO2 = C2OHOCO2H 

1.00E-11*0.7*RO2 A2PANOO = A2PANO 

1.00E-11*0.3*RO2 A2PANOO = C2OHOCO2H 

J<41> C2OHOCOOH = C3DIOLO2 

1.51E-11 C2OHOCOOH + OH = A2PANOO 

1.87E-11 C2OHOCO2H + OH = C3DIOLO2 

KDEC A2PANO = HOCH2CHO + HO2 

KRO2NO*0.97 ACO3B + NO = CHOCOHCO + NO2 

KRO2NO*0.03 ACO3B + NO = CHOCOHONO2 

KRO2NO3 ACO3B + NO3 = CHOCOHCO + NO2 

KRO2HO2*0.52*0.6 ACO3B + HO2 = HOCHOCOOH + O3 

KRO2HO2*0.52*0.4 ACO3B + HO2 = HOCH2COCHO 
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0.8*2.9E-12*RO2 ACO3B = CHOCOHCO 

0.1*2.9E-12*RO2 ACO3B = HOCH2COCHO 

0.1*2.9E-12*RO2 ACO3B = OCCOHCOH 

KDEC CHOCOHCO = HOCH2CHO + HO2 + CO 

4.57E-12 CHOCOHONO2 + OH = HOCH2COCHO + NO2 

J<53> CHOCOHONO2 = CHOCOHCO + NO2 

J<17> 

CHOCOHONO2 = HOCH2CHO + CO + HO2 + 

NO2 

6.68E-11 HOCHOCOOH + OH = ACO3B 

J<41> HOCHOCOOH = HOCH2COCHO + OH 

KAPNO ACO3 + NO = HO2 + CO + HCHO + NO2 

KRO2NO3*1.60 ACO3 + NO3 = HO2 + CO + HCHO + NO2 

KFPAN ACO3 + NO2 = ACRPAN 

KAPHO2*0.71 ACO3 + HO2 = ACO3H 

KAPHO2*0.29 ACO3 + HO2 = ACO2H + O3 

1.00E-11*0.7*RO2 ACO3 = HO2 + CO + HCHO 

1.00E-11*0.3*RO2 ACO3 = ACO2H 

KBPAN ACRPAN = ACO3 + NO2 

1.60E-11 ACRPAN + OH = GLYPAN + HCHO 

1.60E-11 ACRPAN + OH = HOCH2CHO + CO + NO2 

Photolysis 

0.4*J<18> ACR = C2H4 + CO 

0.3*J<18> ACR = HCHO + HO2 + CO 

0.3*J<18> ACR = ACO3 

NO3 initiation 

1.72D-13exp(-

1190/T) ACR + NO3 = ACO3 + HNO3 

O3 initiation 

0.5*2.9E-19 O3 + ACR = CH2OOB + GLYOX 

0.5*2.9E-19 O3 + ACR = GLYOOB + HCHO 

 

16 new species were created for acrolein atmospheric degradation mechanisms: 

OCCOHCO2 ACO3B OCCOHCO C42AOH OCCOHCOOH C32OH13CO 

OCCOHCOH CHOCOHCO CHOCOHONO2 HOCHOCOOH HOCH2COCHO 

A2PANOO A2PANO A2PAN C2OHOCOOH C2OHOCO2H 
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Methacrolein atmospheric degradation 
 

OH reaction 

Rate Reactions 

2.9D-11*0.5 OH + MACR = MACO3 

2.9D-11*0.42 OH + MACR = MACRO2 

2.9D-11*0.08 OH + MACR = MACROHO2 

8.70D-12*EXP(290/TEMP) MACO3 + NO = CH3C2H5O2 + NO2 

KFPAN MACO3 + NO2 = MPAN 

1.6D+16EXP(-13500/TEMP) MPAN = MACO3 + NO2 

KRO2NO3*1.60 MACO3 + NO3 = CH3C2H5O2 + NO2 

KAPHO2*0.71 MACO3 + HO2 = MACO3H 

KAPHO2*0.29 MACO3 + HO2 = MACO2H + OH 

5.0D-12*0.7*RO2 MACO3 = CH3CO3 + HCHO 

5.0D-12*0.3*RO2 MACO3 = MACO2H 

KDEC*0.65 CH3C2H5O2 = HCHO + HCHO + CO 

KDEC*0.35 CH3C2H5O2 = HCHO + CH3CO3 

2.9D-11 OH + MPAN = ACETOL + HCHO + CO + NO2 

8.20E-18 O3 + MPAN = CH3CHOOB + HCHO + CO + NO2 

KDEC*0.18 CH3CHOOB = CH3CHOO 

KDEC*0.57 CH3CHOOB = CH3O2 + CO + OH 

KDEC*0.125 CH3CHOOB = CH3O2 + HO2 

KDEC*0.125 CH3CHOOB = CH4 

1.00D-14 CH3CHOO + NO = CH3CHO + NO2 

1.00D-15 CH3CHOO + NO2 = CH3CHO + NO3 

7.00D-14 CH3CHOO + SO2 = CH3CHO + SO3 

1.00D-17*H2O CH3CHOO = CH3CO2H 

6.00D-18*H2O CH3CHOO = CH3CHO + H2O2 

1.20D-15 CH3CHOO + CO = CH3CHO 

J<41> MACO3H = CH3CO3 + HCHO + OH 

1.66E-11 OH + MACO3H = MACO3 

1.35E-11 OH + MACO2H = CH3CO3 + HCHO 

0.93D-11*0.5 MACRO2 + NO = MACRO + NO2 

0.93D-11*0.5 MACRO2 + NO = MACROHONO2 

KRO2NO3 MACRO2 + NO3 = MACRO + NO2 

KRO2HO2*0.625 MACRO2 + HO2 = MACROOH 

9.20D-14*0.7*RO2 MACRO2 = MACRO 
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9.20D-14*0.3*RO2 MACRO2 = MACROH 

KDEC MACRO = ACETOL + HCHO + HO2 

J<17> MACROOH = ACETOL + CO + HO2 + OH 

3.77D-11 OH + MACROOH = MACRO2 

J<17> MACROH = ACETOL + CO + HO2 + HO2 

3.42D-11 OH + MACROH = MACRO 

J<17> MACROHNO2 = ACETOL + CO + HO2 + NO2 

J<55> MACROHNO2 = MACRO2 + NO2 

6.87D-12 MACROHNO2 + OH = MACRO2 

0.93D-11*0.5 MACROHO2 + NO = MACROHO + NO2 

0.93D-11*0.5 MACROHO2 + NO = MACROHONO3 

KRO2NO3 MACROHO2 + NO3 = MACROHO + NO2 

KRO2HO2*0.625 MACROHO2 + HO2 = MACROHOOH 

1.4D-12*0.6*RO2 MACROHO2 = MACROHO 

1.4D-12*0.2*RO2 MACROHO2 = C3MDIALOH 

1.4D-12*0.2*RO2 MACROHO2 = MACROH 

KDEC MACROHO = MGLYOX + HCHO + HO2 

J<17> MACROHONO3 = MGLYOX + CO + HO2 + NO2 

J<55> MACROHONO3 = MACROHO + NO2 

2.18D-11 MACROHONO3 + OH = MACROHO2 + NO2 

J<17> MACROHOOH = IBUTALOH + CO + HO2  + OH 

J<41> MACROHOOH = MACROHO + OH 

5.55D-11 MACROHOOH + OH = MACROHO2 

NO3 reaction 

3.4D-15 NO3 + MACR = MACO3 + HNO3 

O3 reaction 

1.4D-15*EXP(-2100/TEMP)*0.88 O3 + MACR = MGLYOX + CH2OOG 

1.4D-15*EXP(-2100/TEMP)*0.12 O3 + MACR = HCHO + MGLYOOB 

KDEC*0.37 CH2OOG = CH2OO 

KDEC*0.16 CH2OOG = HO2 + CO + OH 

KDEC*0.47 CH2OOG = CO 

KDEC*0.5 MGLYOOB = MGLYOO 

KDEC*0.5 MGLYOOB = OH + CO + CH3CO3 

Photolysis 

J<18> MACR = CH3CO3 + HCHO + CO + HO2 

J<19> MACR = MACO3 + HO2  
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5 new species were created for methacrolein atmospheric degradation 

mechanisms: MACROHO2, MACROHNO2, MACROHO, MACROHONO3, 

MACROHOOH. 
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Crotonaldehyde atmospheric degradation 
 

Rate Reaction 

OH initiation 

0.5*3.4E-11 C4ALDB + OH = C3DBCO3 

0.25*3.4E-11 C4ALDB + OH = COCCOH2CO2 

0.25*3.4E-11 C4ALDB + OH = C4OCCOHCO2 

KAPNO C3DBCO3 + NO = CH3CHO + HO2 + CO + NO2 

KRO2NO3*1.60 C3DBCO3 + NO3 = CH3CHO + HO2 + CO + NO2 

KFPAN C3DBCO3 + NO2 = C3DBPAN 

KBPAN C3DBPAN = C3DBCO3 + NO2 

KAPHO2*0.71 C3DBCO3 + HO2 = C3DBCO3H 

KAPHO2*0.29 C3DBCO3 + HO2 = C3H5CO2H + O3 

6.48E-11 C3H5CO2H + OH = C3DBCO3 

1.00D-11*RO2 C3DBCO3=CH3CHO + HO2 + CO 

1.65E-11 C3DBPAN + OH = CH3CHO + CO + CO + NO2 

J<41> C3DBCO3H = CH3CHO + HO2 + CO + OH 

1.97E-11 C3DBCO3H + OH = C3DBCO3 

KRO2NO*0.5 COCCOH2CO2 + NO = COCCOHCO + NO2 

KRO2NO*0.5 COCCOH2CO2 + NO = COCCOHNO3 

KRO2NO3 COCCOH2CO2 + NO3 = COCCOHCO + NO2 

KRO2HO2*0.625 COCCOH2CO2 + HO2 = COCCOHCOOH 

0.6*8.8E-13*RO2 COCCOH2CO2 = COCCOHCO 

0.2*8.8E-13*RO2 COCCOH2CO2 = CCOCOCOH 

0.2*8.8E-13*RO2 COCCOH2CO2 = C4OCCOHCOH 

KDEC COCCOHCO = CO + HO2 + CH3CHOHCHO 

J<17> COCCOHNO3 = CO + HO2 + NO2 + CH3CHOHCHO 

J<55> COCCOHNO3 = CO + HO2 + NO2 + CH3CHOHCHO 

5.51E-12 COCCOHNO3 + OH = CCOCOCOH + NO2 

J<17> COCCOHCOOH = CO + HO2 + OH + CH3CHOHCHO 

J<41> COCCOHCOOH = COCCOHCO + OH 

6.35E-11 COCCOHCOOH + OH = COCCOH2CO2 

J<34> CCOCOCOH = CH3CHOHCO3 + CO + HO2 

1.74E-11 CCOCOCOH + OH = COCCOH2CO2 

KRO2NO*0.5 C4OCCOHCO2 + NO = C4OCCOHCO + NO2 

KRO2NO*0.5 C4OCCOHCO2 + NO = C4OCCOHNO3 

KDEC C4OCCOHCO = CH3CHO + GLYOX + HO2 
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KRO2NO3 C4OCCOHCO2 + NO3 = C4OCCOHCO + NO2 

KRO2HO2*0.625 C4OCCOHCO2 + HO2 = C4OCCOHOOH 

8.80D-13*RO2*0.60 C4OCCOHCO2 = C4OCCOHCO 

8.80D-13*RO2*0.20 C4OCCOHCO2 = C4OCCOHCOH 

8.80D-13*RO2*0.20 C4OCCOHCO2 = CO2H3CHO 

J<17> C4OCCOHNO3 = ACETOL + NO2 + HO2 + CO 

4.55E-11 C4OCCOHNO3 + OH = CO2H3CHO+ NO2 

J<41> C4OCCOHOOH = C4OCCOHCO + OH 

J<17> C4OCCOHOOH = C4OCCOHCO + OH 

9.16E-11 C4OCCOHOOH + OH = CO2H3CHO + OH 

J<17> C4OCCOHCOH = CH3CHOHCHO + CO + HO2 + HO2 

7.01E-11 C4OCCOHCOH + OH = CO2H3CHO + HO2 

Rate Reaction 

NO3 initiated reaction 

6D-15*0.65 C4ALDB + NO3 = C3DBCO3 + HNO3 

6D-15*0.175 C4ALDB + NO3 = C4CONO3O2 

6D-15*0.175 C4ALDB + NO3 = C4NO3COO2 

KRO2NO*0.917 C4CONO3O2 + NO = C4CONO3O + NO2 

KRO2NO*0.083 C4CONO3O2 + NO = C4CO2NO3 

4.15E-12 C4CO2NO3 + OH = C4CONO3CO + NO2 

KRO2NO3 C4CONO3O2 + NO3 = C4CONO3O + NO2 

KRO2HO2*0.625 C4CONO3O2 + HO2 = C4CONO3OOH 

8.80D-13*RO2*0.6 C4CONO3O2 = C4CONO3O 

8.80D-13*RO2*0.2 C4CONO3O2 = C4CONO3CO 

8.80D-13*RO2*0.2 C4CONO3O2 = COCCOHNO3 

KDEC C4CONO3O = CH3CHO + GLYOX + NO2 

J<17> C4CONO3OOH = C4CONO3O + OH 

J<41> C4CONO3OOH = C4CONO3O + OH 

2.73E-11 C4CONO3OOH + OH = C4CONO3O2 

KNO3AL*4.0 C4CONO3OOH + NO3 = C4CONO3O2 + HNO3 

J<34> C4CONO3CO =  C4CONO3O2 + CO + HO2 

J<55> C4CONO3CO = C4CO2O + NO2 

4.27E-12 C4CONO3CO + OH = C4CONO3O2 

KNO3AL*4.0 C4CONO3CO + NO3 = C4CONO3O2 + HNO3 

KRO2NO*0.917 C4NO3COO2 + NO = C4NO3OCO + NO2 

KRO2NO*0.083 C4NO3COO2 + NO = C4CO2NO3 

KRO2NO3 C4NO3COO2 + NO3 = C4NO3OCO + NO2 

KRO2HO2*0.625 C4NO3COO2 + HO2 = C4NO3COOOH 
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8.80D-13*RO2*0.6 C4NO3COO2 = C4NO3OCO 

8.80D-13*RO2*0.2 C4NO3COO2 = C4CONO3CO 

8.80D-13*RO2*0.2 C4NO3COO2 = C4OCCOHNO3 

KDEC C4NO3OCO = CH3CHO + GLYOX + NO2 

J<17> C4NO3COOOH = C4CONO3O + OH 

J<41> C4NO3COOOH = C4CONO3O + OH 

2.74D-11 C4NO3COOOH + OH = C4NO3COO2 

KNO3AL*4.0 C4NO3COOOH + NO3 = CH3CHO + GLYOX + HNO3 + NO2 + OH 

J<17> C4OCCOHNO3 = ACETOL + NO2 + HO2 + CO 

4.55E-11 C4OCCOHNO3 + OH = CHOPRNO3 + CO + HO2 

KNO3AL*4.0 C4OCCOHNO3 + NO3 = CHOPRNO3 + CO + HO2 + HNO3 

O3 initiated reactions 

1.58E-18*0.5 C4ALDB + O3 = CH3CHO + GLYOOB 

1.58E-18*0.5 C4ALDB + O3 = GLYOX + CH3CHOOB 

Photolysis 

J<18>*1.44 C4ALDB = ACR + CH3O2 

 

14 new species were created for crotonaldehyde atmospheric degradation 

mechanisms: COCCOH2CO2, COCCOHCO, COCCOHNO3, COCCOHCOOH, 

CCOCOCOH, C4NO3COO2, C4CO2NO3, C4CONO3CO, C4NO3OCO, 

C4NO3COCO, C4NO3COOOH, C3CODBOH, C4OCCOHOOH 

 

 



Appendix C – SAR calculations 
 

This appendix depicts the SAR calculations for the new species created for 

this project. All rate constants are calculated in cm3 molecular-1 s-1. 

  

Vinyl Chloride 
 

OOH

Cl

OH

 
MCM name:COHCCLOOH 

SIMILES:C(C(OO)Cl)O 

K(total)= 

K(CH)*F(CH2OH)*F(OOH)*F(Cl)+ 

K(CH2)*F(CHCl)*F(OH)+Kabst(OOH)+Kabst(OH) 

=2.08E-11 

OOH

Cl

 
MCM name: CH2OHCOCL 

SIMILES: C(C(=O)Cl)O 

K(total)= 

K(CH2)*F(C(O)Cl)+ Kabst(OH) 

=2.03E-13 
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OHOH

Cl

 
MCM name:CH2OHCCLOH 

SMILES:C(C(O)Cl)O 

K(total)=K(CH)*F(CH2OH)*F(OH)*F(Cl)+ 

K(CH2)*F(OH)*
22 F(CHCl)F(CHOH) + + 

2* Kabst(OH) 

=1.29E-11 

ClO

OH

 
MCM name: CCLOHCHO 

SIMILES: C(C(Cl)O)=O 

K(total)= 

K(CH)*F(=O)*
22 F(CHCl)F(CHOH) + + 

K(CH)*F(Cl)F(OH)F(CHO)+ 

Kabst(OH) 

=4.60E-11 
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ClO

OHO
OH

 
MCM name: CLOHCO3H 

SMILES: C(C(Cl)O)(=O)OO 

K(total)= 

K(CH)*F(CHO)*F(OH)*F(Cl)+ 

Kabst(OOH)+Kabst(OH) 

=5.33E-12 

 

ClO

OHOH

 
MCM name: CLOHCO2H 

SIMILES: C(C(Cl)O)(=O)O 

K(total)= 

K(CH)*F(C(O)OH)*F(OH)*F(Cl)+ 

Kaddit(R-C(O)OH)+Kabst(OH) 

=2.24E-12 
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ClO

OHO
O

NO
O

 
MCM name: CLOHPAN 

SMILES: C(C(Cl)O)(=O)OON(=O)=O 

K(total)= 

K(CH)*F(CHO)F(OH)*F(Cl)+ 

Kabst(OH) 

=1.74E-12 

 

OO

Cl

 
MCM name: CL1GLYOX 

SIMILES: C(C(=O)Cl)=O 

K(total)= 

K(CH)*F(=O)*F(C(O)Cl) 

=1.13E-12 
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Cl OH

O

 
MCM name: CLCO2H 

SIMILES: C(Cl)(O)=O 

K(total)= 

Kaddit(R-C(O)OH) 

=5.20E-13 

 

 

Cl

O
OH

O

N
OO

 
MCM name: CNO3CLOOH 

SIMILES: C(C(Cl)OO)ON(=O)=O 

K(total)= 

K(CH)*F(CH2ONO2)*F(OOH)*F(Cl) +  

K(CH2)*F(ONO2)*F(CHCl)+ 

K(OOH)+K(R-ONO2) 

=5.20E-12 
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Cl

OH

O

N
OO

 
MCM name: CNO3CLOH 

SIMILES: C(C(Cl)O)ON(=O)=O 

K(total)= 

K(CH)*F(CH2ONO2)*F(OH)*F(Cl) +  

K(CH2)*F(ONO2)*
22 F(CHCl)F(CHOH) + + 

Kabst(OH)+Kaddit(R-ONO2) 

=5.98E-13 

 

Cl

O

O

N
OO

 
MCM name: CNO3OCL 

SIMILES: C(C(Cl)=O)ON(=O)=O 

K(total)= 

K(CH2)*F(C(O)Cl)*F(ONO2)+ 

Kaddit(R-ONO2) 

=3.63E-13 
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Cl

O
N

O

O O

 
MCM name: CCLCONO3 

SIMILES: C(C(Cl)ON(=O)=O)=O 

K(total)= 

K(CH)*F(CHO)*F(ONO2)*F(Cl)+ 

K(CH)*F(=O)*F
2

2
2 )F(CHONOF(CHCl) + + 

Kaddit(ONO2) 

=1.01E-11 

Cl

O
N

O

OH

O O

 
MCM name: CCLNO3COOH 

SIMILES: C(C(Cl)ON(=O)=O)OO 

K(total)= 

K(CH)*F(CH2)*F(ONO2)*F(Cl)+ 

K(CH2)*F(OOH)* 
2

2
2 )F(CHONOF(CHCl) + +  

Kabst(OOH)+ 

Kaddit(R-ONO2) 

=4.37E-12 
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Cl

O
N

OH

O O

 
MCM name: CCLNO3COH 

SIMILES: C(C(Cl)ON(=O)=O)O 

K(total)= 

K(CH)*F(CHOH)*F(ONO2)*F(Cl)+ 

K(CH2)*F(OH)*
2

2
2 )F(CHONOF(CHCl) + +  

Kabst(OH)+ 

Kaddit(R-ONO2) 

=1.69E-12 
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Ethylene Oxide 

O

O
OH

 
MCM name: ETHOXOOH 

SIMILES: C1C(O1)OO 

K(total)= 

=K(CH2)*F(CH)*F(OR)*F(3-member ring)+ 

K(CH)*F(CH2)*F(OR)*F(OOH)*F(3-member ring)+ 

Kabst(OOH) 

=7.15E-12 

O

O

 
MCM name: ETHOXTHER 

SIMILES: C1C(O1)=O 

K(total)= 

=K(CH2)*F(>CO)* 
22 F(C(O)OR)F(OR) + *F(3-member ring) 

=1.18E-13 
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O

OH

 
MCM name: ETHOXOH 

SIMILES: C1C(O1)O 

K(total)= 

K(CH2)* F(CHOH)*F(OR)* F(3-member ring)+ 

K(CH)*F(CH2)*F(OR)*F(OH)*F(3-member ring)+ 

Kabst(OH) 

=1.71E-12 

O

OO
OH

 
MCM name: ETHOXO3OOH 

SIMILES: C1(C(O1)=O)OO 

K(total)= 

=K(CH)*F(OOH)*F(C(O)OR)*F(3-member ring)+ 

Kabst(OH) 

=3.77E-12 
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Acrolein 

O
OH

O

OH

 
MCM name: OCCOHCOOH 

SMILES: OC(C=O)COO 

k(total) = 

K(CH)*F(OH)* F(CHO)*F(CH2)+ 

K(CH2)*
22 F(CHOH)F(CHCHO) + *F(OOH)+ 

K(CH)*F(=O)*F(CHOH)+ 

K(OOH)+ 

Kabst(OH) 

=9.258E-11 

OH
OH

O

 
MCM name: OCCOHCOH 

SMILES: OC(CO)C=O 

K(total) = 

K(CH)*F(=O)*F(CHOH)+ 

K(CH)*F(OH)*F(CH2OH)*F(CHO)+ 

k(CH2)*F(OH)*F(CHOH)+ 

2* Kabst(OH) 

= 6.22E-11 
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OH
OH

O

O
O

N
O

O

 
MCM name: A2PAN 

SIMILES: OCC(C(=O)OON(=O)=O)O 

K(total) = 

K(CH2)*F(OH)*F(CHOH)+ 

K(CH)*F(OH)*F(CH2OH)*F(CO)+ 

2* Kabst(OH)+ 

Kaddit(R-ONO2) 

=1.87E-11 

OH
OH

O

O
OH

 
MCM name: C2OHOCOOH 

SIMILES: OCC(C(=O)OO)O 

K(total) = 

K(CH2)*F(OH)*F(CHOH)+ 

K(CH)*F(OH)*F(CH2OH)*F(CO)+ 

2* Kabst(OH)+ 

Kabst(OOH) 

=1.51E-11
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OH
OH

O

OH
 

MCM name: C2OHOCO2H 

SIMILES: OCC(C(=O)O)O 

K(total) = 

K(CH2)*F(OH)*F(CHOH)+ 

K(CH)*F(OH)*F(CH2OH)*F(CO)+ 

2* Kabst(OH)+ 

Kaddit(R-C(O)OH) 

=1.87E-11 

OH
O

O

N
O O

 
MCM name: CHOCOHONO2 

SIMILES: OCC(C=O)ON(=O)=O 

K(total)= 

K(CH2)*F(OH)*F(CONO2)+ 

K(CH)*F(CH2OH)*F(ONO2)*F(CHO)+ 

K(CH)*F(=O)*F(CONO2)+ 

Kabst(OH)+ 

Kabst(R-ONO2) 

=4.57E-12
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OH
O

O

OH

 
MCM name: HOCHOCOOH 

SMILES: OCC(C=O)OO 

K(total)= 

K(CH2)*F(OH)*F(CHC(O))+ 

K(CH)*F(CH2OH)*F(OOH)*F(CHO)+ 

K(CH)*F(=O)*F(CH)+ 

Kabst(OH)+ 

Kabst(OOH) 

=6.68E-11 
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Methacrolein 

O

O
OH

 
MCM name: MACO3H 

SMILES: C=C(C(=O)OO)C 

k(total) = 

K(CH2=C)*C(CH3)*F(C(O)OR)+ 

K(CH3)* 22 C(C(O)OR))CCF( +<=> + 

Kabst(OOH) 

= 1.66E-11 

O

OH

 
MCM name: MACO2H 

SMILES: C=C(C(=O)O)C 

k(total) = 

K(CH2=C)*F(CH3)*F(C(O)OR)+ 

K(CH3)* [ ]22 C(O)ORC)CCF( +<=> + 

Kabst(OH) 

= 1.35E-11 
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OH

O O

OH

 
MCM name: MACROOH 

SMILES: OCC(C)(C=O)OO 

k(total) = 

K(CH)*F(=O)*F(C)+ 

K(CH3)*F(CC(O))+ 

K(CH2)*F(OH)*F(C(C)=O)+ 

Kabst(OOH)+Kabst(OH) 

=3.56E-11 

OHO

OH

 
MCM name: MACROH 

SMILES: OCC(C)(C=O)O 

k(total) = 

K(CH)*F(=O)*F(COH)+ 

K(CH3)* 22 CC(O))(F)OHF(C + + 

K(CH2)*F(OH)+ 

2*Kabst(OH) 

=3.42E-11 
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OHO

O
N

OO

 
MCM name: MACROHNO2 

SMILES: OCC(C)(C=O)ON(=O)=O 

k(total) = 

K(CH)*F(=O)*F(CONO2)+ 

K(CH3)* 22
2 ))O(CC(F)CONO(F + + 

K(CH2)*F(OH)* 22
2 ))O(CC(F)CONO(F + + 

Kabst(OH)+ Kaddit(R-ONO2) 

= 6.39E-12 

O O

OH

N
O O

 
MCM name: MACROHONO3 

SMILES: O(CC(C=O)(C)O)N(=O)=O 

k(total) = 

K(CH2)*F(ONO2)* 22 )COH(F)OCC(F += + 

K(CH3)* 22 )COH(F)OCC(F += + 

K(CH)*F(=O)*F(COH)+ 

Kabst(OH)+ Kaddit(R-ONO2) 

=4.49E-11 
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O O

OH

OH

 
MCM name: MACROHOOH 

SMILES: O(CC(C=O)(C)O)O 

k(total) = 

K(CH2)*F(OOH)* 22 )COH(F)OCC(F += + 

K(CH3)* 22 )COH(F)OCC(F += + 

K(OH)*F(=O)*F(COH)+ 

Kabst(OH)+ Kabst(OOH) 

=7.30E-11
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Crotonaldehyde 

O

OH

 
MCM name: C3H5CO2H 

SIMILES: C(=C/C(=O)O)\C 

K(total)= 

K(CH3)*F(>C=C<)+ 

K(CH2=C<)*C[CH3]+ 

Kabst(OH)+ Kaddit(R-C(O)OH) 

=6.48E-11 

O

O
O

N
O O

 
MCM name: C3DBPAN 

SIMILES: C(=C/C(=O)OON(=O)=O)\C 

K(CH3)*F(>C=C<)+ 

K(>CH=CH<)*C[C(O)OR]+ 

Kaddit(R-ONO2) 

=1.65E-11 
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O

O
OH

 
MCM name: C3DBCO3H 

SIMILES: C(=C/C(=O)OO)\C 

K(CH3)*F(>C=C<)+ 

K(>CH=CH<)*C[CH3]+C[C(O)OR]+ 

Kabst(OOH) 

=1.97E-11 

 

O

O

OH

N
OO

 
MCM name: COCCOHNO3 

SMILES: C(C(C=O)ON(=O)=O)(C)O 

k(total) = 

K(CH3)*F(CHOH)+ 

K(CH)*F(CH3)*F(OH)*F(CHONO2)+ 

K(CH)*F(CHOH)*F(ONO2)*F(CHO)+ 

K(CH)*F(=O)*F(CHONO2)+ 

Kabst(OOH)+Kaddit(R-ONO2) 

=5.51E-12 
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O
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OH

OH
 

MCM name: COCCOHCOOH 

SMILES: C(C(C=O)OO)(C)O 

k(total) = 

K(CH3)*F(CHOH)+ 

K(CH)*F(OH)*F(CH3)*F(CH)+ 

K(CH)*F(OOH)*F(CHOH)*F(CHO)+ 

K(CH)*F(=O)*F(CH)+ 

Kabst(OH)+Kabst(OOH)+ 

Kabst(OOH)+Kaddit(R-ONO2) 

=6.35E-11 

O

O

OH
 

MCM name: CCOCOCOH 

SMILES: C(C(C=O)=O)(C)O 

k(total) = 

K(CH3)*F(CHOH)+ 

K(CH)*F(OH)*F(CH3)*F(CO)+ 

K(CH)*F(=O)*F(CO)+ 

Kabst(OH) 

=1.74E-11 
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O
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O

 
MCM name: C4OCCOHNO3 

SIMILES: O=CC(C(C)ON(=O)=O)O 

K(total) 

=K(CH)*F(=O)*F(CHOH)+ 

K(CH)*F(OH)*F(CHO)*F(CHONO2)+ 

K(CH)*F(ONO2)*F(CHOH)*F(CH3)+ 

K(CH3)*F(CHONO2)+ 

Kabst(OH)+Kaddit(R-ONO2) 

=4.55E-11 

O

OH

O
OH

 
MCM name: C4OCCOHOOH 

SIMILES: O=CC(C(C)OO)O 

K(total)= 

=K(CH)*F(=O)*F(CHOH)+ 

K(CH)*F(OH)*F(CHO)*F(CH)+ 

K(CH)*F(OOH)*F(CHOH)*F(CH3)+ 

K(CH3)*F(CH)+ 

Kabst(OH)+Kabst(OOH) 

=9.16E-11 
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O

OH

OH

 
MCM name: C4OCCOHCOH 

SIMILES: O=CC(C(C)O)O 

K(total)= 

K(CH)*F(=O)*F(CHOH)+ 

K(CH)*F(OH)*F(CHO)*F(CHOH)+ 

K(CH)*F(OH)*F(CHOH)*F(CH3)+ 

K(CH3)*F(CHOH)+ 

2*Kabst(OH) 

=7.01E-11 

O

O

O
N

N
O

O

O

O

 
MCM name: C4CO2NO3 

SIMILES: C(C=O)(C(ON(=O)=O)C)ON(=O)=O 

=K(CH)*F(=O)*F(CHONO2)+ 

K(CH)*F(CHO)*F(ONO2)*F(CHONO2)+ 

K(CH)*F(ONO2)*F(CHONO2)*F(CH3)+ 

K(CH3)*F(CHONO2)+ 

2*Kaddit(R-ONO2) 

=4.15E-12 
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O
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MCM name: C4CONO3CO 

SIMILES: CC(C(ON(=O)=O)C=O)=O 

K(CH)*F(=O)*F(CHONO2)+ 

K(CH)*F(ONO2)*F(CHO)*F(CHO)+ 

K(CH)*F(=O)*F(CHONO2)*F(CH3)+ 

K(CH3)*F(CHO)+ 

Kaddit(R-ONO2) 

=4.27E-12 

O

O

O
OH

N
O

O

 
MCM name: C4CONO3OOH 

SIMILES: C(C=O)(C(OO)C)ON(=O)=O 

K(CH)*F(=O)*F(CHONO2)+ 

K(CH)*F(ONO2)*F(CHO)*F(CH)+ 

K(CH)*F(OOH)*F(CHONO2)*F(CH3)+ 

K(CH3)*F(CH)+ 

Kabst(OOH)+Kaddit(R-ONO2) 

=3.45E-12 
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MCM name: C4NO3COOOH 

SIMILES: C(C(C=O)OO)(C)ON(=O)=O 

K(CH3)*F(CHONO2)+ 

K(CH)*F(ONO2)*F(CH3)*F(CH)+ 

K(CH)*F(OOH)*F(CHONO2)*F(CHO)+ 

K(CH)*F(=O)*F(CH)+  

Kabst(OOH)+Kaddit(R-ONO2) 

=2.73E-11 

O

OH

O
N

O

O

 
MCM name: C4OCCOHNO3 

SIMILES: O=CC(C(C)ON(=O)=O)O 

K(CH)*F(=O)*F(CHOH)+ 

K(CH)*F(OH)*F(CHO)*F(CHONO2)+ 

K(CH)*F(ONO2)*F(CHOH)*F(CH3)+ 

K(CH3)*F(CHONO2)+ 

Kabst(OH)+Kaddit(R-ONO2) 

=4.55E-11 
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Appendix D – Secondary organic compounds 

classification 
 

Due to the large number of species, this appendix is put in the attached CD-ROM.  

 

This appendix contains the chemical compounds in each of the groups classified in 

the secondary products analysis. 

 

The data are provided in table format, where each compound is identified by its 

MCM code name and associated with its unique chemkey identification number as 

well as the structural information as a linear Smiles string. 

 

Full 2D structural representations for every compound can be located using the 

search tools on the MCM website (http://mcm.leeds.ac.uk/MCM). 

 

Once on the home page, select the search option which provides windows to input 

the Smiles string or MCM species code name to initiate a search. Further 

information on the Smiles notation is also available from this search web page. 

 

It is noted that the multifunctional nature of many of the intermediate secondary 

products means some of the compounds are included in more than one group. 
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Appendix E – Categorised secondary organic 

compounds temporal concentrations 
 

Definition of legend in all the figures presented in this appendix: 

AmbS = Ambient in summer scenario 

AmbW=Ambient in winter scenario 

MboxS1=Moving box model with refinery emission scenario 1 in winter 

MboxS2=Moving box model with refinery emission scenario 2 in winter 

MboxS3=Moving box model with refinery emission scenario 3 in winter 

MboxSS1=Moving box model with refinery emission scenario 1 in summer. 

 

Group I fast decaying class 

 
Figure E1 Comparison of acrolein temporal concentrations between different model scenarios 
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Figure E2 Comparison of styrene temporal concentrations between different model scenarios 

 
Figure E3 Comparison of dichloromethane temporal concentrations between different model 

scenarios 
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Figure E4 Comparison of vinyl chloride temporal concentrations between different model scenarios 

 

 
Figure E5 Comparison of 1,2,4 trimethylbenzene temporal concentrations between different model 

scenarios 
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Figure E6 Comparison of 1,3,5 trimethylbenzene temporal concentrations between different model 

scenarios 

 
Figure E7 Comparison of methylpropyl ketone temporal concentrations between different model 

scenarios 
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Figure E8 Comparison of 1,3-butadiene temporal concentrations between different model scenarios 

 

 
Figure E9 Comparison of tetrachloroethene temporal concentrations between different model 

scenarios 

 

 



 297 

 
Figure E10 Comparison of trichloroethene temporal concentrations between different model 

scenarios 

 

 
Figure E11 Comparison of chloroform temporal concentrations between different model scenarios 
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Figure E12 Comparison of chloromethane temporal concentrations between different model 

scenarios 

 

 
Figure E13 Comparison of ethylene oxide temporal concentrations between different model 

scenarios 
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Figure E14 Comparison of methacrolein temporal concentrations between different model scenarios 

 

 
Figure E15 Comparison of 2-methyl-2-butene temporal concentrations between different model 

scenarios 
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Figure E16 Comparison of bromomethane temporal concentrations between different model 

scenarios 
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Group II: Major emitted compounds with overall concentrations higher than the 
simulated concentrations in the background ambient model 

 
Figure E17 Comparison of formaldehyde temporal concentrations between different model scenarios 

 
Figure E18 Comparison of acetaldehyde temporal concentrations between different model scenarios 
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Figure E19 Comparison of MEK temporal concentrations between different model scenarios 

 

 

 
Figure E20 Comparison of propanal temporal concentrations between different model scenarios 
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Group III: Relatively stable organic compounds 

 
Figure E21 Comparison of toluene temporal concentrations between different model scenarios 

 

 
Figure E22 Comparison of o-xylene temporal concentrations between different model scenarios 
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Figure E23 Comparison of m-xylene temporal concentrations between different model scenarios 

 

 
Figure E24 Comparison of p-xylene temporal concentrations between different model scenarios 
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Appendix F – Publications 
 

a) Peer-reviewed conference paper 
Lam S. H. M., Cheng H., Guo H., Saunders S.M., Wang X, Simpson I.J., Ding A., Wang 

T.& Blake D.R., A tailored Master Chemical Mechanism (MCM) model for the Pearl River 

Delta (PRD) region of South China (2009). 19th International Clean Air and Environment 

Conference by the Clean Air Society of Australia & New Zealand (CASANZ), Perth, 

Australia. ISBN: 978-0-9806045-1-1 

 

Overall candidate contribution 70% 

 

b) Peer-reviewed journal article 
Cheng, H. R., H. Guo, S. M. Saunders, S. H. M. Lam, F. Jiang, X. M. Wang, I. J. Simpson, 

D. R. Blake, P. K. K. Louie and T. J. Wang (2010). "Assessing photochemical ozone 

formation in the Pearl River Delta with a photochemical trajectory model." Atmospheric 

Environment 44(34): 4199-4208. 

 

Overall candidate contribution 25% 

 



	  



A TAILORED MASTER CHEMICAL MECHANISM (MCM) 
MODEL FOR THE PEARL RIVER DELTA (PRD) REGION OF 

SOUTH CHINA  
Sean Ho Man Lam 1, Hairong Cheng 2, Hai Guo 2, *Sam Saunders 1, 

Xinming Wang3, Isobel J. Simpson4, Aijun Ding2, Tao Wang2, Donald R. Blake4 
1 School of Biomedical, Biomolecular & Chemical Sciences, University of Western Australia, 

35 Stirling Highway, Crawley, Perth, WA 6009, Australia 
2 Department of Civil and Structural Engineering, The Hong Kong Polytechnic University, 

Hung Hom, Kowloon, Hong Kong 
3 Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou, China 

4 Department of Chemistry, University of California at Irvine, California, USA 
 

Summary 
 
Robust air quality policy development is critically linked with tropospheric photochemistry and is highly 
dependent on locally emitted anthropogenic and biogenic volatile organic compounds (VOC) as well as the 
meteorology. Criteria air pollutants such as ozone and PAN, have known adverse health impacts and are not 
directly emitted into the atmosphere but derived from primary emitted compounds through chemical 
degradation in the troposphere. Hence, local and regional photochemical models are necessary to 
accurately describe local air quality and these have been developed and widely recognised as essential 
tools throughout the UK, Europe and the USA. To date there have been few extensions of this technology in 
the rapidly developing economies of Asia and China. This study is an investigation of tropospheric chemical 
composition and evolution using a near explicit regional model in the Pearl River Delta (PRD) region of 
South China.  

 
This study provides details of organic chemical species generated from local emission sources and their 
photochemical evolution along several trajectories during high smog (ozone) episode days in South China. 
With knowledge on local emissions, and local in-situ VOC measurements carried out in the autumn of 2007, 
a highly detailed chemical kinetic model based on the MCM framework has been developed. The model 
output and observational data demonstrates that the meteorological conditions in the PRD, giving rise to 
certain smog episodes are different to the multi-day development in Europe. The results are being further 
developed in terms of the impact on speciated VOC reduction strategies, to assist in policies aimed at the 
reduction of photochemical smog episodes.  
 
Keywords: air quality modelling, tropospheric ozone, Pearl River Delta  
 
1. Introduction 

There is a complex relationship between emitted 
volatile organic compounds (VOC) and NOx leading 
to photochemical pollution, which varies greatly 
depending on the geographic and regional setting. 
Modelling based on observational data provides 
one way to determine the major components, which 
have the greatest impact on ozone formation. Only 
through a combination of measurements, emission 
data and modelling is it possible to perform 
analysis, forecast, and develop sound strategies to 
minimize the occurrence of these high ozone 
events. 

The MCM framework has been extensively used 
(e.g. Carslaw et al. 2001, Derwent et al. 2005) in 
airshed modeling not only in assessing 
contributions to the most characterized 
photochemical smog component, ozone, but also 
when details on specific VOC, secondary oxidants 
and intermediate species profiles are important as 
validation tools in observational studies. The 

photochemical development of an air parcel is 
simulated based on the geographic location, the 
definition of local speciated emissions and reported 
emissions data. 

For this study a new airshed model tailored to 
the Pearl River Delta (PRD) region in South China 
is developed, based on the Master Chemical 
Mechanism (MCM) approach (Saunders at al. 
2003), to provide a direct comparison with 
observational data made during a comprehensive 
field campaign in the region (Guo et al. 2009). The 
framework of the model remains as described 
previously (Pinho et al. 2008), being essentially a 
moving box model, along defined trajectory paths, 
to encompass the local emissions. It is aimed 
towards gaining a detailed understanding of the 
sensitivities of photochemical ozone formation 
under the prevailing conditions at the observation 
site of Wang Qingsha (WQS), Guangzhou in the 
Peal River Delta (PRD) region of South China. 



2.   Methodology 
2.1. Updates to the Chemical Mechanism (MCM) 

 
The mechanism MCMv3.1 (available from 

http://mcm.leeds.ac.uk/MCM/) has been updated to 
include number of new primary emitted VOC 
identified as being important from the observational 
data, based on the published mechanism protocol 
(Jenkin et al. 2003, Saunders et al. 2003). VOC not 
considered as primary emitted species, are 
assigned as surrogates so that the reported mass 
emissions are fully represented in the speciated 
distribution. Further changes to the chemical 
mechanism have been made to update the 
evaluated kinetic data set relevant to the MCM from 
IUPAC (2007). This data is available at 
http://www.iupac-kinetic.ch.cam.ac.uk/. These 
changes have extended the chemical degradation 
scheme by 60 species and 325 reactions. It is 
important to represent the degradations as 
accurately as possible, as assessing the 
contribution that VOC make to air pollution is an 
integral part of developing emission reduction 
strategies. 

2.2. Emissions in the PRD 
For the study region assessment of all available 

emissions data, from the HKEPD 
(http://epic.epd.gov.hk/) and the South China PRD 
region has been made. Emissions’ reporting for the 
region (apart from HKSAR) has only recently 
become available to provide an accurate 
representation on a small spatial scale (0.5 degree 
long/latitude, 50km). Anthropogenic emissions 
profiles have been constructed from the latest 
reported data (Zhang et al. 2009), while biogenic 
emissions have been based on the available data 
from Steiner et al.(2002) and Tsui et al.(2008). The 
anthropogenic emissions inventory analysis 
consists of six source categories; power plants, 
industry, residential biofuel, residential fossil fuel, 
residential non-combustion, transportation. The 
variation in emissions over the total source region 
is reflected through the reported range. Together 
with the reported NOx, SO2 and CO emissions, an 
average VOC distribution profile has been 
constructed for the target region, with a total of 92 
VOC (from C2 to C12) included. Figure 1, shows 
the top ranking 45 VOC species, and their 
percentage contribution to the total VOC emission. 
From the emissions inventory, alkenes and 
aromatics constitute the major local VOC 
emissions, with ethene, ethyne benzene, and 
toluene being the predominant species. This is 
different from other airshed models in Europe and 
United States (Wagner et al. 2003 and Derwent et 
al. 2003), as a result of the differing contributions 
from the various source sectors. 

 
From the campaign measurement results 

reported earlier (Guo et al. 2009), the MCM 
emissions based models were tailored to simulate 
three high ozone event days, identified in the 
previous work (26, 27 October and 1 December 
2007) on which intensive observations were made 
at Wang Qingsha (WQS). Details of the sampling 
and locations are described elsewhere (Guo et al. 
2009), however the location of the observation site, 
WQS, on which the MCM model simulations are 
based, can be seen in figure 2.  The days were 
selected using HYSPLIT (NOAA 2009) back 
trajectory calculations, for exhibiting very different 
emissions profiles. The entire campaign results 
(Guo et al. 2009), demonstrate that the ozone 
episode days in this region are generally single day 
events, and can therefore be simulated based on a 
12 hour model run, by an assessment of the back 
track of emissions 12 hours prior to the observed 
high ozone event. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. VOC emissions species distribution for the 
PRD, based on Zhang et al. (2009), accessible through 
http://mic.greenresource.cn/intex-b2006 

 
The first target day trajectory (figure 2a) arrives 

from the north east of WQS, travelling over the 
heavy industrial area of Donghuan and picking up 
emissions for the entire period from the north east 
in the PRD, and following the diurnal temporal 
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profile of a large city region with high emissions late 
into the evening.  
  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 2. 12 hour back trajectories for the target days a) 
26th October b) 27th October c)1st December 2007 

 
The second target day, (figure 2b), exhibits on a 

more coastal trajectory path for the day, picking up 
a different series of emissions defined from the 
grid. The third day (figure 2c), shows more complex 
behaviour, as the air mass shifts from the north 
east early in the day, to coastal, and finally an 
ocean trajectory path across later in the afternoon.  
 
2.3. MCM emissions-based model 

Based on local meteorology and emission 
source analysis a highly explicit photochemical 
model for the PRD airshed has been developed to 
simulate the development of ozone and other 

photo-oxidants. Solar declination and latitude are 
set at 22o43’N, 113o33’E respectively, appropriate 
for WQS in October 2007. Initial concentrations 
were set for NOx at 40ppb, CO at 360ppb, CH4 at 
1315ppb, HCHO at 2ppb and O3 at 30ppb, based 
on the observational data. For those VOC not 
specified in the reactive organic compound 
emissions, an initial concentration of 1ppb was 
assigned as baseline level.  

a) 

The chemical development of the species in the 
air parcel is described by a series of differential 
equations: 

 

)1(1)(
hdt
dhBC

h
E

h
VCCLP

dt
dC

ii
ii
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i −−+−⋅−=
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iCL

 
Where; 

b)  = species concentration in the air parcel,  
= instantaneous production from photochemistry, 
⋅  = instantaneous loss rate by photochemistry,  

V
h

 = species-dependent dry deposition velocity,  
 = time-dependent boundary layer depth, 

E  =local emission rate from pollution sources,  

iB  = background concentration of the species aloft. 
 
The PRD photochemical model has been written 

specifically to describe the contribution to ozone 
and other secondary oxidant formation (e.g. 
peroxyacetyl nitrate, PAN) from a large number of 
individual hydrocarbon species and their 
degradation products. This updated mechanism is 
composed of 4800 chemical species and more than 
14000 chemical reactions. 

c) 

The system, of 4800 simultaneous stiff 
differential equations, was integrated with a 
variable order Gear’s method (Curtis et al. 1987). 
The air parcel, which encompasses the defined 
local emissions, extends from Earths surface to the 
top of the boundary layer. The depth of the model 
boundary layer starts at 300m at 06:00hrs and rises 
at a constant rate of increase throughout the 
morning reaching a height of 1800m by 14:00hrs, 
based on an assessment of the measurements 
reported in Fan et al. (2008). As the boundary layer 
depth expands, air is entrained from the free 
troposphere above. This process is described by 
the last term on the right hand side of equation 1. 

 
2.4. Model Validation 

In order to have confidence in the results 
concerning O3 formation from anthropogenic VOC 
sources, the model needs to be checked and 
validated (Saunders et al. 2003). A rigorous testing 
approach could not be accomplished within this 
initial model development. Nonetheless, related 



work and testing of the sub parts of the mechanism 
have been shown to be entirely satisfactory (e.g. 
Hayman et al. 1999, Derwent et al. 2001). In 
addition the model comparison with the 
observational data reported here provides further 
confidence in the description of the degradation of 
the VOC and associated O3 production.  

3. Results and Discussion 

3.1. MCM model simulations 
Separate model runs were performed, to simulate 

the observed trace gas concentrations at each hour 
of measurement through the day at WQS, with an 
initial focus on O3. Figure 3 shows the O3 profile 
simulations for each target day.  

 
 

 
 
 

 
Figure 3. Model ozone profile simulations. a) 26th October 
b) 27th October c)1st December 2007 

 

The end point of each line in the figure 
represents the ozone concentration at the 
measurement point at that time. Typically higher 
ozone concentrations are seen at the arrival times 
in the early afternoon, and the lowest at the last 
observation time of 6pm in the evening. The only 
difference between these different model 
simulations is in the emissions profile determined 
by the trajectory path, and the start and end time of 
the simulation run. For the 3 target days there are 
clear differences in the magnitude of the ozone 
concentration level developed. 

 
3.2 Comparison with observations 
 
 The model simulations are directly compared 
with the observations on the three target days, for 
ozone (figure 4 a-c). 

Figure 4. Comparison of measured (dot symbol) and 
modelled (Solid line) ozone a) 26th October b) 27th 
October c)1st December 2007  

The characteristic trends of the ozone 
measurements have been well reproduced with the 
model for 4 b) and 4 c), demonstrating the detailed 
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emissions inventory used, is at a resolution that is 
fine enough to be able to account for the 
photochemical development of the different air 
parcels over  very different trajectory paths. The 
trend is not so well reporoduced in 4 a). This could 
be influenced by some specific local atypical 
emissions along the trajectory  which are not well 
represented in the emissons inventory. 

Preliminary work is also being aimed at 
comparing the other trace gases and the measured 
VOC. An example is shown in figure 5, of the 
comparsion between the measured and simulated 
toluene, one of the significant VOC emitted. 
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Figure 5. Comparison of measured (dot symbol) and 
modelled (Solid line) toluene, 27th October 2007 

 Though there are differences, the overall level of 
agreement is satisfactory. The point observations at 
WQS, can be significantly affected by a short term 
local event, and also by impacts from longer term 
aged air mass composition, which has not been 
accounted for in this initial model setup. Together 
these can account for the level of difference seen 
between the measured and simulated levels.  

3.3. Conclusion  
This study gives an initial development and 

preliminary testing of a highly detailed PRD 
Tropospheric Photochemical Model. With reference 
to the observational data in 2007, the high ozone 
episodes at WQS do not build up over a sequence 
of days in general. It implies accumulating 
emissions transported over several days are not a 
major contributor to ozone levels experienced, 
though differences in the observations and 
simulations can indicate some longer term transport 
of aged air masses. Backward trajectory 
calculations have been used to define the air 
masses arriving at WQS on high ozone episode 
days, and hence the appropriate emissions profile. 
These case study models have produced 
comparable simulated ozone concentrations to the 
WQS observations, where peak ozone levels 
exceed 100ppb. The model will continue to be 

assess the impact of the PRD speciated VOC and 
NOx emissions on ozone formation in the PRD, and 
to compare the impacts on speciated VOC 
reduction strategies, to assist in policies aimed at 
the reduction of photochemical smog episodes.  

developed and ongoing investigations will be to 
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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

mailto:ceguohai@polyu.edu.hk
www.sciencedirect.com/science/journal/13522310
www.elsevier.com/locate/atmosenv
http://dx.doi.org/10.1016/j.atmosenv.2010.07.019
http://dx.doi.org/10.1016/j.atmosenv.2010.07.019
http://dx.doi.org/10.1016/j.atmosenv.2010.07.019
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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
http://www.epa.gov/ttn/chief/software/speciate
http://epic.epd.gov.hk/ca/uid/airdata


Fig. 1. Location of sampling site in Guangzhou, China (WQS).

H.R. Cheng et al. / Atmospheric Environment 44 (2010) 4199e42084202
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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and policies of the Government of the Hong Kong Special Admin-
istrative Region (HKSAR), nor does mention of trade names or
commercial products constitute an endorsement or recommenda-
tion of their use.

Acknowledgements

The authors thank Dr. Dejun Li and Mr. Zhengyue Li for their
help with sample collections. The project is supported by the
Postgraduate Studentship (RGYE) of the Hong Kong Polytechnic
University, the Research Grants Council of the Hong Kong
Special Administrative Region (Project No. PolyU 5163/07E), the
Research Grant (AP0J) of the Hong Kong Polytechnic University,
and the National Key Basic Research Support Foundation of China
(Grant No. 2006CB403706, 2006CB403703, 2006AA06A307 and
2010CB428503).

References

Atkinson, R., 1990. Gas-phase tropospheric chemistry of organic-compounds e

a review. Atmospheric Environment Part A-General Topics 24, 1e41.
Barletta, B., Meinardi, S., Rowland, F.S., Chan, C.Y., Wang, X.M., Zou, S.C., Chan, L.Y.,

Blake, D.R., 2005. Volatile organic compounds in 43 Chinese cities. Atmospheric
Environment 39, 5979e5990.

Carter, W.P.L., 1994. Development of ozone reactivity scales for volatile organic-
compounds. Journal of the Air & Waste Management Association 44, 881e899.

Chang, C.C., Chen, T.Y., Lin, C.Y., Yuan, C.S., Liu, S.C., 2005. Effects of reactive
hydrocarbons on ozone formation in southern Taiwan. Atmospheric Environ-
ment 39, 2867e2878.



H.R. Cheng et al. / Atmospheric Environment 44 (2010) 4199e42084208
Cheng, H.R., Guo, H., Wang, X.M., Saunders, S.M., Lam, S.H.M., Jiang, F., Wang, T.J.,
Ding, A.J., Lee, S.C., Ho, K.F., 2010. On the relationship between ozone and its
precursors in the Pearl River Delta: application of an observation-based model
(OBM). Environmental Science and Pollution Research 17, 547e560.

Curtis, A.R., Sweetenham, W.P., 1987. FACSIMILE release H user’s manual. AERE
Report R11771 (HMSO), London.

Derwent, R.G., Jenkin, M.E., 1991. Hydrocarbons and the long-range transport of
ozone and pan across Europe. Atmospheric Environment. Part A. General Topics
25, 1661e1678.

Derwent, R.G., Jenkin, M.E., Passant, N.R., Pilling, M.J., 2007a. Photochemical ozone
creation potentials (POCPs) for different emission sources of organic
compounds under European conditions estimated with a Master Chemical
Mechanism. Atmospheric Environment 41, 2570e2579.

Derwent, R.G., Jenkin, M.E., Passant, N.R., Pilling, M.J., 2007b. Reactivity-based
strategies for photochemical ozone control in Europe. Environmental Science &
Policy 10, 445e453.

Derwent, R.G., Jenkin, M.E., Saunders, S.M., 1996. Photochemical ozone creation
potentials for a large number of reactive hydrocarbons under European
conditions. Atmospheric Environment 30, 181e199.

Derwent, R.G., Jenkin, M.E., Saunders, S.M., Pilling, M.J., 1998. Photochemical ozone
creation potentials for organic compounds in northwest Europe calculated with
a master chemical mechanism. Atmospheric Environment 32, 2429e2441.

Derwent, R.G., Jenkin, M.E., Saunders, S.M., Pilling, M.J., Simmonds, P.G.,
Passant, N.R., Dollard, G.J., Dumitrean, P., Kent, A., 2003. Photochemical ozone
formation in north west Europe and its control. Atmospheric Environment 37,
1983e1991.

Draxler, R.R., Rolph, G.D., 2003. HYSPLIT (HYbrid Single-Particle Lagrangian Inte-
grated Trajectory) Model access via NOAA ARL READY. NOAA Air Resources
Laboratory, Sliver Spring, Maryland, USA. Website. http://www.arl.noaa.gov/
ready/hysplit4.html.

Evtyugina, M.G., Pio, C., Nunes, T., Pinho, P.G., Costa, C.S., 2007. Photochemical ozone
formation at Portugal West Coast under sea breeze conditions as assessed by
master chemical mechanism model. Atmospheric Environment 41, 2171e2182.

Fan, S., et al., 2008. Meteorological conditions and structures of atmospheric
boundary layer in October 2004 over Pearl River Delta area. Atmospheric
Environment 42, 6174e6186.

Godish, T., 2004. Air Quality, 4th ed. Lewis Publishers, Boca Raton, USA.
Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P.I., Geron, C., 2006. Esti-

mates of global terrestrial isoprene emissions using MEGAN (Model of Emis-
sions of Gases and Aerosols from Nature). Atmospheric Chemistry and Physics
6, 3181e3210.

Guo, H., et al., 2009. Concurrent observations of air pollutants at two sites in the
Pearl River Delta and the implication of regional transport. Atmospheric
Chemistry and Physics 9, 7343e7360.

Guo, H., So, K.L., Simpson, I.J., Barletta, B., Meinardi, S., Blake, D.R., 2007. C-1-C-8
volatile organic compounds in the atmosphere of Hong Kong: Overview of
atmospheric processing and source apportionment. Atmospheric Environment
41, 1456e1472.

Guo, H., Wang, T., Simpson, I.J., Blake, D.R., Yu, X.M., Kwok, Y.H., Li, Y.S., 2004. Source
contributions to ambient VOCs and CO at a rural site in Eastern China. Atmo-
spheric Environment 38, 4551e4560.

Jenkin, M.E., Saunders, S.M., Pilling, M.J., 1997. The tropospheric degradation of
volatile organic compounds: A protocol for mechanism development. Atmo-
spheric Environment 31, 81e104.

Jenkin, M.E., Saunders, S.M., Wagner, V., Pilling, M.J., 2003. Protocol for the devel-
opment of the Master Chemical Mechanism, MCM v3 (Part B): tropospheric
degradation of aromatic volatile organic compounds. Atmospheric Chemistry
and Physics 3, 181e193.

Jiang, F., Guo, H., Wang, T.J., Cheng, H.R., Ding, A.J., Wang, X.M., Simpson, I.J., Blake,
D.R., Saunders, S.M., Wang, T. 2010. A photochemical smog episode in the Pearl
River Delta: Field observation and model simulation. Journal of Geophysical
Research-Atmospheres, in press, doi:10.1029/2009JD013583.

Jiang, F., Wang, T., Wang, T., Xie, M., Zhao, H., 2008. Numerical modeling of
a continuous photochemical pollution episode in Hong Kong using WRF-chem.
Atmospheric Environment 42, 8717e8727.

Lam, K.S., Wang, T.J., Wu, C.L., Li, Y.S., 2005. Study on an ozone episode in hot season
in Hong Kong and transboundary air pollution over Pearl River Delta region of
China. Atmospheric Environment 39, 1967e1977.

Liu, Y., Shao, M., Fu, L.L., Lu, S.H., Zeng, L.M., Tang, D.G., 2008. Source profiles of
volatile organic compounds (VOCs) measured in China: Part I. Atmospheric
Environment 42, 6247e6260.

Nrc, N.R.C, 1991. Rethinking the Ozone Problem in Urban and Regional Air Pollution.
National Academic Press, Washington, DC.

Pinho, P.G., Lemos, L.T., Pio, C.A., Evtyugina, M.G., Nunes, T.V., Jenkin, M.E., 2009.
Detailed chemical analysis of regional-scale air pollution in western Portugal
using an adapted version of MCM v3.1. Science of the Total Environment 407,
2024e2038.

Saunders, S.M., Jenkin, M.E., Derwent, R.G., Pilling, M.J., 2003. Protocol for the
development of the Master Chemical Mechanism, MCM v3 (Part A): tropo-
spheric degradation of non-aromatic volatile organic compounds. Atmospheric
Chemistry and Physics 3, 161e180.

Sillman, S., 1999. The relation between ozone, NOx and hydrocarbons in urban and
polluted rural environments. Atmospheric Environment 33, 1821e1845.

Streets, D.G., Bond, T.C., Carmichael, G.R., Fernandes, S.D., Fu, Q., He, D., Klimont, Z.,
Nelson, S.M., Tsai, N.Y., Wang, M.Q., Woo, J.H., Yarber, K.F., 2003. An inventory of
gaseous and primary aerosol emissions in Asia in the year 2000. Journal of
Geophysical Research-Atmospheres 108.

Utembe, S.R., Jenkin, M.E., Derwent, R.G., Lewis, A.C., Hopkins, J.R., Hamilton, F.H.,
2005. Modelling the ambient distribution of organic compounds during the
August 2003 ozone episode in the southern UK. Faraday Discuss 130, 311e326.

Wang, J.L., et al., 2008. Characterization of ozone precursors in the Pearl River Delta
by time series observation of non-methane hydrocarbons. Atmospheric Envi-
ronment 42, 6233e6246.

Wang, T., Kwok, J.Y.H., 2003. Measurement and analysis of a multiday photo-
chemical smog episode in the Pearl River delta of China. Journal of Applied
Meteorology 42, 404e416.

Wang, T., Lam, K.S., Lee, A.S.Y., Pang, S.W., Tsui, W.S., 1998. Meteorological and
chemical characteristics of the photochemical ozone episodes observed at Cape
D’Aguilar in Hong Kong. Journal of Applied Meteorology 37, 1167e1178.

Wang, T., et al., 2009. Increasing surface ozone concentrations in the background
atmosphere of Southern China, 1994e2007. Atmospheric Chemistry and Physics
9, 6216e6226.

Zhang, J., et al., 2007. Ozone production and hydrocarbon reactivity in Hong Kong,
Southern China. Atmospheric Chemistry and Physics 7, 557e573.

Zhang, Q., et al., 2009. Asian emissions in 2006 for the NASA INTEX-B mission.
Atmospheric Chemistry and Physics 9, 5131e5153.

Zhang, Y.H., et al., 2008. Regional ozone pollution and observation-based approach
for analyzing ozone-precursor relationship during the PRIDE-PRD2004
campaign. Atmospheric Environment 42, 6203e6218.

Zhang, Y.L., Guo, H., Wang, X.M., Simpson, I.J., Barbara, B., Blake, D.R., Cheng, H.R.,
Saunders, S.M., 2010. Emission patterns and spatiotemporal variations of
halocarbons in the Pearl River Delta region, southern China. Journal of
Geophysical Research-Atmospheres. doi:10.1029/2009JD013726.

Zheng, J.Y., Zhang, L.J., Che, W.W., Zheng, Z.Y., Yin, S.S., 2009. A highly resolved
temporal and spatial air pollutant emission inventory for the Pearl River Delta
region, China and its uncertainty assessment. Atmospheric Environment 43,
5112e5122.

Zheng, J.Y., Zhong, L.J., Wang, T., Louie, P.K.K., Li, Z.C., 2010. Ground-level ozone in the
Pearl River Delta region: analysis of data from a recently established regional air
quality monitoring network. Atmospheric Environment 44, 814e823.

http://www.arl.noaa.gov/ready/hysplit4.html
http://www.arl.noaa.gov/ready/hysplit4.html
http://dx.doi.org/10.1029/2009JD013583

	FrontPart1Fin.pdf
	FrontCover.pdf
	decp1
	decP2
	decP3
	blk

	BodyPart1
	Thesis SL Final6sms.pdf
	Thesis SL Final6sms.2
	Thesis SL Final6sms.3
	Thesis SL Final6sms.4

	BodyPart2
	Thesis SL Final6sms4a.pdf
	Thesis SL Final6sms4a.2
	Thesis SL Final6sms4b
	Thesis SL Final6sms4c
	Thesis SL Final6sms4d
	Thesis SL Final6sms4e

	Thesis SL Final6smsAppenB
	Appendix Cf
	Appendix C – SAR calculations

	Thesis SL Final6smsAppenDE
	MCM-PRDsmsCASANZfinal
	1. Introduction
	2.   Methodology
	2.1. Updates to the Chemical Mechanism (MCM)
	2.2. Emissions in the PRD

	3. Results and Discussion
	3.1. MCM model simulations
	The characteristic trends of the ozone measurements have been well reproduced with the model for 4 b) and 4 c), demonstrating the detailed emissions inventory used, is at a resolution that is fine enough to be able to account for the photochemical development of the different air parcels over  very different trajectory paths. The trend is not so well reporoduced in 4 a). This could be influenced by some specific local atypical emissions along the trajectory  which are not well represented in the emissons inventory.
	Preliminary work is also being aimed at comparing the other trace gases and the measured VOC. An example is shown in figure 5, of the comparsion between the measured and simulated toluene, one of the significant VOC emitted.
	Figure 5. Comparison of measured (dot symbol) and modelled (Solid line) toluene, 27th October 2007
	 Though there are differences, the overall level of agreement is satisfactory. The point observations at WQS, can be significantly affected by a short term local event, and also by impacts from longer term aged air mass composition, which has not been accounted for in this initial model setup. Together these can account for the level of difference seen between the measured and simulated levels. 
	3.3. Conclusion 
	Acknowledgments
	The project is supported by the Research Grants Council of Hong Kong (Project No. PolyU 5163/07E), and the Postgraduate Studentship (RGYE) of the Hong Kong Polytechnic University 


	POCP-PRD2010
	Assessing photochemical ozone formation in the Pearl River Delta with a photochemical trajectory model
	Introduction
	Photochemical trajectory model (PTM)
	Model description
	Master chemical mechanism
	Emission inventories
	Meteorological and air quality data

	Results and discussion
	Comparison of simulated and observed data
	Contribution of individual VOCs to O3 formation
	The base case model experiment to calculate the POCP values
	Comparison of POCPs with previous studies
	The Contribution of VOC species to O3 formation

	The contributions of VOC emission sources to O3 formation

	Conclusions
	Disclaimer
	Acknowledgements
	References





