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Abstract 

 

This thesis describes the investigation of three aspects of the formation of secondary 

organic aerosol (SOA): 

 

• Aerosol formation from mixed precursors 

• Global modelling of SOA formation 

• Modelling of dynamics of SOA formation based on empirical data collected from 

smog chamber experiments. 

 

The formation and growth processes of secondary organic aerosol were investigated using 

smog chamber experimentation and modelling techniques to gain a better understanding of 

the application of SOA yield values in modelling both SOA mass and dynamics.   

 

Published SOA yields from a range of volatile organic compounds (VOCs) are used to 

model SOA mass on a local, regional or global scale, based on the assumption that the SOA 

yield of a mixture is the sum of the yields of the components.  Experimental investigations 

into SOA yield from mixtures of VOC revealed potential uncertainties that would result from 

applying these yields to systems containing multiple VOCs.  SOA formation in systems of 

toluene or m-xylene, compared with systems of these VOCs and propene, have shown that 

the introduction of propene (which has a zero SOA yield) to smog chamber photo-oxidations 

of toluene or m-xylene delays the formation and suppresses the overall yield of SOA from 

450 to 90 µg m-3 ppm-1 for the toluene system and from 325 to 125 µg m-3 ppm-1 for the m-
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xylene system compared with systems of individual species without propene.  The SOA 

partitioning yield data also indicates that partitioning of species to existing aerosol is 

suppressed in the mixed systems.  Gas-phase modelling of these experiments showed that 

potential SOA species were expected to be formed sooner due to the increased system 

reactivity provided by propene.  The observed delay in SOA nucleation, similar consumption 

rates of toluene and m-xylene in both the single and mixed systems and the gas-phase 

modelling results suggest that the addition of propene to hydrocarbon SOA systems modifies 

the gas-phase chemistry leading to the formation of potential SOA species from toluene and 

m-xylene.  This result calls into question the bulk and partitioning yield values that have been 

published for pure substances as well as the validity of applying individual VOC yields to 

VOC mixture. 

 

Application of SOA yields to the global scale provides estimates of annual global SOA 

formation, global contributions from various VOCs and regional SOA distributions.  Two 

SOA modules, using bulk and partitioning yield methods, were added to a global atmospheric 

chemical transport model, MOZART-2.  The bulk yield method, representing the maximum 

possible global SOA burden, gave an annual production of 24.5 Tg of SOA, which is slightly 

lower than previous estimates (30 – 270 Tg yr-1).  The partitioning method, which gives a 

more realistic estimate of SOA formation, produced 15.3 Tg yr-1; the biogenic fraction (13.6 

Tg yr-1) compares to a previous estimate of biogenic SOA of 18.5 Tg yr-1 and 2.5 to 44 Tg yr-

1 using the partitioning method.  Anthropogenic SOA contributions of 1.1 Tg yr-1 from 

MOZART-2 compared to recent estimates of 0.05 -2.62 Tg yr-1.  SOA production was found 

to be dependent on oxidant availability and VOC emissions in South America and Asia.  The 

partitioning method produced significantly less SOA due to limited availability of OC.  The 
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partitioning method also produced a peak SOA concentration of 10 µg m-3 over South 

America in September and showed that SOA is at maximum production for most of the year 

in Asia and Europe.  The two SOA formation methods also provides data to analyse the 

restrictions to SOA formation in particular regions, based on the maximum amount of SOA 

able to form (bulk yield method) and the more realistic partitioning estimate from the same 

region.  Limitations to SOA formation in a particular region can be attributed to deficiencies 

in OC availability or VOC oxidant concentrations.  Comparisons to limited observational and 

modelled data suggest that the MOZART-2 SOA model provides a good representation of 

global averaged SOA.   

 

SOA mass concentrations, predicted by models such as MOZART-2, can be used in part to 

model the dynamics of an SOA population (e.g. size of particles, number concentrations etc.).  

Aerosol properties such as size and number concentration can then be used to estimate their 

effect on climate and health.  The explicit representation of the processes that affect aerosol 

dynamics, such as nucleation, condensation, evaporation and coagulation can be complex and 

use significant computational resources.  Simplification of the discrete coagulation equation 

and empirical coagulation coefficients for continuum and non-continuum regime diffusion 

kinetics provided a simplified method of coagulation capable of predicting the evolution of 

inert sodium chloride aerosol in chamber experiments.  A variable coagulation coefficient 

(linked to the mean particle number concentration of each experiment) was developed.  This 

method is an empirical surrogate for the standard coefficient corrections applied to Brownian 

based diffusion in the continuum regime to account for the different kinetic effects within the 

transition and free molecular diffusion regimes.  This method removes the need for 

calculating individual coefficients for each particle interaction.  Estimates of model 
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uncertainty show that within uncertainty limits the model provides a good representation of 

experimental data.  Correlation and index of agreement (IOA) calculations revealed good 

statistical agreement between modelled and experimental.  Some experiments showed 

degrees of coagulation under prediction using the variable coefficient technique.  

Investigations into the effect of aerosol type and size, temperature and humidity may be 

necessary to refine the variable coefficient calculation technique.  The model showed little 

sensitivity to model time step and is capable of high resolution representation of the aerosol.  

Mass concentration is conserved within the model whereas some error due to numerical 

diffusion within the number concentrations results from the bin sectioning technique used.  

The simplicity of this sectioning method over other methods and the minimal effect of 

numerical diffusion establishes a simplified method of modelling relative to the high 

resolution of the aerosol distribution the model achieves.  It is suggested that the efficiency 

improvements introduced by the approaches used in developing this model provide an 

efficient ultra-fine coagulation modelling for atmospheric models. 

 

A semi-empirical model for SOA dynamics (SPLAT) incorporating coagulation, 

nucleation, condensation and evaporation was developed.  The aim of the model and the 

development process was to predict, with high resolution and minimal computational 

expense, the formation and growth of SOA given a SOA mass input as a function of time.  

The average size distribution profile from chamber experimental data was used as part of the 

nucleation module.  This technique provided an alternative method of representing the 

particle distribution compared to those models that assume a single diameter of nucleated 

particle or a fixed log-normal mode for the entire evolution of SOA.  All SPLAT simulations 

assume organic nucleation events within the experiments modelled, although it is still 
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uncertain whether they occur in the atmosphere.  The modelled nucleation events have 

produced a single nucleation burst, a result of immediate domination of condensation as soon 

as nucleation occurs.  This deficiency is likely to be a result of the assumption of free 

molecular diffusion for condensation.  The rate of condensation, calculated at every time step, 

is based on the aerosol size distributed surface area and the particle-size-dependent saturation 

mass concentrations.  The SPLAT coagulation module was a version of the model developed 

in Chapter 6.  Comparisons between experimental and modelled data showed good 

agreement.  These comparisons revealed the shortcomings in the nucleation module while a 

statistical analysis of the modelled and experimental data has shown SPLAT to be effective in 

modelling a range of SOA systems.  The complexity introduced in modelling aerosol 

dynamics in high resolution is offset in SPLAT by efficiency improvements due to the 

insensitivity of the model to time step size and simplified methods of bin sectioning, 

nucleation, coagulation, condensation and evaporation. 

 

Published SOA yields can be applied to predict SOA mass at local, regional or global 

scales.  Although previously unreported uncertainties in these yields have been shown to 

exist, the MOZART-2 global chemical transport model has shown that SOA mass 

concentration can be predicted with reasonable quality, considering the scale of the model 

and limited observational data.  These global scale SOA mass predictions can be used purely 

for global burden and occurrence, or as the input for modelling the dynamics of an aerosol 

population, which is significant for estimating an aerosol population’s effect on climate 

change and health.  SOA mass concentrations from chamber experiments were used as input 

to a SOA dynamics model.  This model (SPLAT) then predicted the evolution of particle 

number concentrations and size within these experiments based on this mass input.  
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Application of the dynamics model to the output of the MOZART-2 model could then 

provide a comprehensive global scale SOA modelling package. 
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The work presented within this thesis was conducted as part of the Queensland 

University of Technology Atmospheric Chemistry Group commitment to the 

Environment Australia-funded ‘Secondary Particle Formation by Photochemical 

Reaction’ research project.  The thesis also includes related research conducted as part 

of collaboration between the Queensland University of Technology and the National 

Centre for Atmospheric Research, Colorado, USA.  The connectivity between all 

projects within this thesis is provided as a flow chart in Project Flow Chart 1. 

 

The objective of the Environment Australia-funded work was to develop a high-

resolution computer model for the simulation of the dynamics of secondary organic 

aerosols (SOA).  Model development was to include simulation of the production, 

growth and loss of aerosol with time in a way that minimised the computational expense 

of such a simulation.  The ultimate goal of this undertaking was to simulate the 

dynamics of an SOA population within a PC-type environment for the application to 

studies of the impact of the aerosol to climate change and human health.  

 

Empirical methods (i.e. based on experimental observations) were employed during 

the development of the dynamics models (presented in Chapters 6 and 7).  High quality 

chamber experiments were conducted (Chapter 3) and both the gas and particle phases 

within these experiments were monitored at high resolution.  The data from these 

experiments was actively used in the development of the models presented in this thesis.   
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The aim of many of the SOA experiments conducted was to provide the high 

resolution data (to be used for modelling) under conditions that approached realistic 

atmospheric conditions.  This included as-close-to-realistic concentrations as possible 

and mixtures of precursor species.   

 

During analysis of the chamber experiments relating to SOA formation and growth, a 

previously unreported effect of mixtures of propene and SOA-forming precursor species 

on SOA yield was found.  These results have been discussed in the first analysis chapter 

of the thesis (Chapter 4).  The objective of the work in this chapter was to determine the 

extent of the effect of mixtures of precursors on SOA yield and what is responsible for 

the differences in SOA yield between the systems containing propene and those without 

propene.  The significance of the work in this chapter is related to the common use of 

propene as a gas phase reaction rate enhancer in experiments used to derive SOA yield 

parameters.  The primary objective of this chapter is to present this finding and prescribe 

caution to the acceptance of current SOA yield data. 

 

Following preparation, processing and analysis of the experimental data (Chapter 3), 

it was then used in development of the empirical dynamical models.   

 

An empirical method of simulating the coagulation of ultra-fine particles (SOA are 

classed as ultra-fine aerosol) was developed from sodium chloride aerosol monitored in 

a small chamber.  Coagulation is quite often the most computational expensive 

component of aerosol dynamical modelling and the model presented in Chapter 6 
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introduces new empirical techniques that improve computational efficiency while 

retaining the ability to model the coagulation effect. 

 

This coagulation model was also used in a larger SOA dynamics model that included 

nucleation of new particles, derived from experimental observations, and condensation 

of organic vapours, based on literature methods.  Again, the goal of this model was to 

improve computational efficiency of the modelling process.  The major outcome of these 

modelling efforts was to establish the basic empirical structure of the dynamical models 

and to suggest directions for their application and further development. 

 

The aerosol dynamics models developed were complimented with an SOA mass 

model (Chapter 5) that aimed at providing the global distributions and total annual 

atmospheric burden of SOA mass concentrations on a global scale.  The collaborative 

project with the National Centre for Atmospheric Research (NCAR) combined an 

existing global chemical transport model (MOZART-2) with two methods of modelling 

SOA mass to produce the global assessment of SOA production.  The data from this 

model is an ideal example of an input for the SOA dynamics model.  Further research 

could combine both models, with considerations for the uncertainties of a global model, 

to provide a global assessment of SOA dynamics. 

 

A general introduction to atmospheric aerosols and secondary organic aerosols is 

presented in the review Chapters 1 and 2, while a summary of the research is presented 

in Chapter 8. 
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1 Atmospheric Aerosols and their Role in Climate Change and Health 
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Atmospheric Aerosols and their Role in Climate Change 
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1.1. Atmospheric Aerosols 

 

An aerosol is the “suspension of fine solid or liquid particles within a gas” (Seinfeld 

and Pandis 1998, p97).  Atmospheric aerosols are one of several components that 

contribute to the state of the atmosphere (others include gas-phase species, radiation and 

mass transport) and they also have significant effects on climate change and health 

problems in humans and animals.  Aerosols can be concentrated in the atmosphere up to 

107 – 108 particles cm-3 and can range in diameters up to 100 µm (Seinfeld and Pandis 

1998, p408) while the best estimate of total mass generation of aerosol in the atmosphere 

is about 6000 Tg yr-1 (Griffin et al. 1999a; Houghton et al. 2001, p297).   

 

Atmospheric aerosols are divided into three modes based on their diameter; the coarse 

(> 2500 nm diameter), fine (50 – 2500 nm) and ultra-fine (< 50 nm) (Oberdorster and 

Gelein 1995) aerosol modes can contain many aerosol types, sources and properties.  

Relative to the gas-phase component of the atmosphere, the understanding of aerosols is 

limited. 

 

Identification, measurement, source apportionment and characterisation of 

atmospheric aerosols are significantly more complicated tasks than for atmospheric 

gases for three distinct reasons (Houghton et al. 2001). 
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 Some aerosols are not directly emitted into the atmosphere but rather form through 

secondary gas-phase processes.  This means that multiple source contributions for 

the one secondary aerosol will exist. 

 

 

 

 

Figure 1.1, Typical Composition of Atmospheric Aerosol (less than 10µm in 
diameter)  
These fractions can vary significantly with location and time.  ‘Other’ 
contains contributions from dust, salt etc. 
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 Aerosol size, composition and light absorption properties can vary across different 

geographic locations or within a local occurrence of aerosol.   

 

 Aerosols can mix over time to form internally or externally mixed aerosols, 

altering their properties as mixing progresses.  Physical or chemical processes can 

also alter their properties progressively. 

 

Six general groupings of aerosol exist.  These are dust, sea salt, elemental carbon 

(EC) (or soot), organic carbon (OC), sulfate and nitrate aerosols.  Of these groups OC 

aerosol is the most ambiguous having contributions from primary organic species (e.g.  

polycyclic aromatic species from combustion processes), secondary organic sources 

(e.g.  non-volatile oxidation products of organic compounds) and biogenic sources (e.g.  

pollen or bacteria).  The amount of a specific aerosol in the atmosphere at any point in 

time is highly variable.  An average urban distribution consists of about 30 % dust and 

salt, 20 % OC, 18 % EC and 17 % sulphates (as shown in Figure 1.1, adapted from 

(Harrison and Yin 2000, p93).  These general classifications of aerosol, their formation, 

properties and occurrence are discussed in the following section. 
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1.1.1. Primary Aerosols 

 

1.1.1.1 Crustal 

 

Crustal material mobilised into the atmosphere is estimated to contribute up to 

2250 Tg yr-1 to the atmospheric aerosol load (Houghton et al. 2001, p297).  Most of this 

is sourced from desert and disturbed soil regions of the northern hemisphere (Houghton 

et al. 2001, p296), although contributions from volcanic activity can be significant.  

These particles usually have diameters ranging from 1 – 10 µm, which make them 

efficient scatterers of solar radiation and efficient absorbers of Infra-Red (IR) radiation 

(Wolf and Hidy 1997).  In regions such as deserts, where the underlying surface is 

highly reflective, crustal aerosol absorb reflected IR radiation which results in 

atmospheric warming while over oceans these aerosol have a cooling effect because of 

the low reflectivity of the ocean surface (i.e. the aerosols reflect incoming solar radiation 

while reflected IR radiation form the ocean is minimal).   

 

The formation of crustal aerosol is a natural occurrence, as existing deserts, dry lake 

beds and periodic droughts in semi-arid regions combine with mobilising atmospheric 

conditions.  Significant enhancement of the crustal aerosol load has been shown to occur 

as a result of human induced changes to the environment (estimates of up to 50 % of 

current crustal aerosol load, Tegan and Fung 1995).  Farming, construction and land-

clearing practices increase the mobility and availability of crustal material and can 
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feedback to these systems.  For example, reduced soil moisture from cleared land can 

affect local climate, which increases the range of arid land. 

 

The size of crustal aerosol will determine which become airborne and their 

atmospheric lifetime.  Large crustal particles are usually removed by gravitational 

settling quickly.  Exceptions to this will occur, depending on the meteorological 

conditions.  Dust storms from Asia have been detected on the east coast of the north 

American continent (Ogren 2001) indicating a potential lifetime of large dust particles of 

several days.   

 

1.1.1.2 Sea Salt 

 

Sea salt aerosol is estimated to contribute about 3340 Tg yr-1 to the atmospheric 

aerosol load (Houghton et al. 2001, p297).  The amount of sea salt aerosol is dependent 

on wind speed, as salt spray is formed from turbulent mixing on the ocean’s surface.  

The sea salt aerosol formation mechanism can produce particles ranging in diameters 

from 0.02 to 10 µm with a size dependency on wind speed.  One of the significant 

properties of sea salt aerosol is its ability to act as cloud condensation nuclei (CCN).  

CCN determine the quantity and properties of cloud cover, which relates to precipitation 

events and radiation reflection, and absorption. 
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1.1.1.3 Elemental Carbon 

 

Elemental Carbon (EC) aerosols are comprised mainly of elemental carbon produced 

from combustion of fossil fuels, biomass or other combustion processes.  Direct 

emission of EC aerosol from combustion produces very small particles (mass median 

diameter found to be ~ 0.1 µm by Kerminen et al. 1997).  EC aerosol from fossil fuel 

combustion is estimated to contribute 11 to 17 Tg yr-1 to the aerosol load (Houghton et 

al. 2001, p297) and is an efficient absorber of solar radiation (due to its colour) 

contributing to atmospheric warming (estimated to be +0.2 W m-2, Shine and Forster 

1999). 

 

As an efficient absorber of radiation EC aerosol contributes significantly to direct 

atmospheric warming while another consideration is the effect EC aerosol has when 

mixed with other aerosols and clouds.  Aerosol mixtures containing EC can heat up due 

to radiation absorption and alter their chemical and physical stability.  Cloud burn off, or 

warming of clouds resulting in their dissipation, can result. 

 

Another characteristic of EC aerosol and elemental carbon in general is its ability to 

adsorb other species.  In combustion processes, many high molecular weight or 

condensable organics, heavy metals, free radical or other oxidants are emitted in 

conjunction with EC, and they can adsorb to the EC particles (Lary et al. 1997).  The 

result of this adsorption within combustion processes is the production of fine particles 
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(i.e.  large surface area) with high concentrations of atmospheric pollutants which can 

contribute significantly to adverse effects of human health. 

 

1.1.1.4 Organic Carbon 

 

Combustion processes produce large quantities of Organic Carbon (OC) aerosol.  

Primary OC aerosol is the product of incomplete combustion and is comprised of high 

molecular weight, usually polycyclic aromatic hydrocarbons.  Like EC aerosol, OC 

aerosol commonly have diameters less than 1 µm (Wolf and Hidy 1997) with ranges 

between 0.1 and 0.4 µm for OC aerosol reported for fossil fuel combustion and biomass 

burning sources (Pandis et al. 1995; Kerminen et al. 1997).  Optical properties of OC 

aerosol, and hence the effect on the radiation balance, can be variable due to their 

variable composition.  As a general rule these particles are efficient scatterers of solar 

radiation causing an atmospheric cooling (Shine and Forster 1999). 

 

As mentioned in section 1.1.1.3, EC aerosol can easily adsorb combustion products.  

The adsorption of OC species to EC and other aerosol can also affect the aerosol system, 

depending on the polarity of the combustion product.  The adsorption of these species to 

other aerosol types will coat the particle, altering the water-sorbing properties of the 

primary aerosol.  This has the potential to alter the rate at which other species are 

sorbed, or the rate at which the particle is removed from the atmosphere.  An overall 

change to the growth cycle of the particle will result.  A gradual transition is also 
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possible where a hydrophobic species is adsorbed and is progressively oxidised to a 

hydrophilic species. 

 

1.1.1.5 Biogenic Aerosol  

 

Biogenic aerosols refer to that fraction of OC aerosol that is comprised of plant and 

organism material such as leaf fragments, pollen, waxes, bacteria, fungi, viruses, algae 

or spores.  The contribution to the atmospheric aerosol load for OC aerosol  is estimated 

to be about 56 Tg yr-1 (Houghton et al. 2001, p297).  OC aerosol is likely to be 

significant over highly vegetated areas and areas surrounding combustion of biomass 

where the vegetation system is being agitated.  It has been suggested that these particles 

would be large in size and absorb strongly in the ultra violet (UV) radiation region 

(Houghton et al. 2001, p300). 

 

1.1.2. Secondary Aerosols 

 

Secondary aerosols are those atmospheric aerosols that are not emitted directly into 

the atmosphere, rather being produced from gas-phase atmospheric species via chemical 

reaction.  Types of secondary aerosol include sulfates, nitrates and organics. 
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1.1.2.1 Sulfates 

 

Secondary sulfate aerosol is a common component of the atmospheric aerosol load 

and forms through photo chemical production of sulfuric acid from SO2.  Production can 

be in the gas or aqueous phase, with some studies suggesting that aerosol properties 

differ according to the method of formation (Houghton et al. 2001, p301).  Due to the 

chemical formation route of secondary aerosol, particles build up in size from molecules 

creating clusters and then ultra-fine aerosol which can then grow to larger diameters.  

Clarke et al. (1999) found that in an urban environment, where many growth processes 

can contribute, that both sulfate and nitrate aerosol particle number concentrations 

peaked at about 1.1 µm diameter, confirming in this study the ultra fine nature of sulfate 

aerosol.   

 

The precursor to sulfate aerosol, SO2, can be emitted directly from volcanoes or fossil 

fuel combustion, or can be formed from sulphur containing species such as hydrogen 

sulfide (H2S, also sourced from volcanoes) or dimethyl sulphide (H3C-S-CH3, sourced 

from marine plankton).  Direct sulfate (SO4
2- species) emissions can also contribute to 

sulfuric acid particle formation.   
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Atmospheric SO2 can react with oxygen; 

 

322 22 SOOSO →+  (1.1)

 

although this reaction is extremely slow under atmospheric conditions.  SO3 is more 

readily produced via the more favourable hydroxyl radical abstraction reaction (M: 

vibrational energy exchange species): 

 

MHOSOMOHSO +→++ .
2

.
2  (1.2)

3
.

22
.

2 SOHOOHOSO +→+  (1.3)

 

SO3 reacts with water to form sulfuric acid, which mixes with water to form sulfuric 

acid aerosol. 

 

MSOHMOHSO +→++ 4223  (1.4)

 

Dimethyl sulfide undergoes a number of reactions to form, amongst other 

photochemical products, SO2 which can enter the aerosol forming cycle (1.1) - (1.4). 

 

.
32

.
3

.
223

.
33

2 CHSOHCHOSCHOSCHCHOHSCHCH NOO +→+⎯⎯→⎯⎯⎯→⎯+  (1.5)
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Hydrogen sulfide also undergoes hydroxyl radical abstraction to form the SH radical 

that undergoes a series of reactions to form SO2. 

 

22
..

2 SOOHSHOHSH ⎯→⎯⎯→⎯+⎯→⎯+  (1.6)

(Seinfeld and Pandis 1998, p314 -316) 

 

Secondary sulfate aerosol formation events are commonly observed (e.g. Marti et al. 

1997).  The best known natural secondary aerosol formation event was the Mt Pinatubo 

volcanic eruption in June 1991.  This eruption injected approximately twenty million 

tonnes of SO2 into the atmosphere to heights of 25 km (Hansen et al. 1993).  Charlson 

(1997) estimated that this injection into both the troposphere and stratosphere would 

have caused a global cooling of about 0.5 °C over a period of two years.  This cooling is 

a product of incoming radiation scattering back to space off the stratospheric sulfuric 

acid aerosol produced photo-chemically from the injected SO2.  At these altitudes (i.e. 

25 km from a volcanic injection), sulfuric acid particles can contribute to ice crystal 

formation, enhancing cloud formation.   

 

1.1.2.2 Nitrates 

 

While SO2 emissions can have significant natural sources, concentrated NOX 

emissions are most commonly associated with anthropogenic processes.  In areas where 

emissions of NOX and NH3 occur together, ammonium nitrate (NH4NO3) can form 

aerosol (Seinfeld and Pandis 1998, p531); 
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( ) ( ) ( )Sgg NONHHNONH 3433 ⎯→←+  

Nitric acid formation: 

MHNOMOHNO +⎯→←++ 3
.

2  

(1.7) 

(1.8)

 

If the ammonia is in the presence of sulfuric acid, it will act to neutralise the sulfuric 

acid aerosol-forming sulfate and ammonia based salts. 

 

( ) ( ) ( )aqaq SONHSOHNH
g 424423 )(⎯→⎯+  (1.9)

 

Clarke et al. (1999) studied secondary ammonium nitrate aerosol and found that 

about 80 % of ammonium aerosol had diameters less than 1.8 µm.  The nitrate fraction 

was distributed across both fine and coarse modes.   

 

1.1.2.3 Organics 

 

Secondary organic aerosols (SOAs) are probably the most complicated and variable 

source of atmospheric aerosols.  The quantity and type of this aerosol are dependent on 

emissions of volatile organic compounds (VOCs) into the atmosphere, and the 

photochemical conditions of the atmosphere within which they exist.  The scientific 

basis for this type of aerosol, compared to other aerosol types, is not well understood and 

is reviewed in Chapter 2.   
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1.2. Atmospheric Aerosols and Climate Change 

 

Climate change has been defined by the Intergovernmental Panel on Climate Change 

(IPCC) (Houghton et al. 2001) as “a statistically significant variation in either the mean 

state of the climate or in its variability, persisting for an extended period (typically 

decades or longer).  Climate change may be due to natural internal processes or 

external forcing, or to persistent anthropogenic changes in the composition of the 

atmosphere or in land use.”  

 

The actions and reactions of the environment to natural and human induced change 

result in an overall change to climate over space and time.  The understanding of the 

individual physical and chemical processes within the complicated interactions of 

climate change is quite high.  How these individual processes combine is not as well 

understood although by combining the knowledge of the individual earth systems we 

can begin to appreciate how climate change will affect the health of living creatures and 

the environment. 

 

The most tangible effects of change to our complex climate, as is currently being 

experienced, are an increase of the mean temperature of the earth and changes in our 

natural environment that affect the health of all living organisms. 
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Global warming and health problems linked to climate change arise as a result of 

variability in the atmospheric concentration of gases and particles that reflect and adsorb 

radiation and impact on the normal functions of life on earth. 

 

A common term associated with climate change is “the greenhouse effect”.  Hansen 

et al. (1993) stated that “the earth absorbs ~240 W m-2 of solar energy which heats up 

the earth so that it radiates, on average, that quantity of thermal energy back to space”.  

The greenhouse effect is the ability of the lower atmosphere to absorb some of this 

reflected radiation to warm the planet and its atmosphere.  A steady temperature is 

achieved by maintaining a balance of atmospheric species.  This steady state is known as 

the planetary energy balance.  If perturbations in the energy balance occur, a forced 

change in global climate results.   

 

In the earth’s atmosphere, partial absorption of the reflected thermal radiation (IR) by 

carbon dioxide and water vapour occurs over a wide wavelength range (inclusive of 

wavelength between 830 and 1430 cm-1, Marley et al. 1993).  Most IR radiation escapes 

back to space as part of the natural planetary energy balance.  If a species that absorbs 

within this radiation range is introduced into the atmosphere (N2O, methane and CFCs, 

Marley et al. 1993), or if concentrations of CO2 and H2O increase, the quantity of energy 

retained within the atmosphere is increased.   

 

A major co-contributor to the planetary energy balance is the radiation scattering and 

absorption due to atmospheric aerosols.  Collectively, the perturbation in the energy 

balance of the atmosphere is called climate forcing or radiative forcing. 
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Radiative forcing is a measure of the change in the heating rate (W m-2) of the earth 

due to a particular atmospheric species.  Anything within the environment that has an 

effect on the planetary energy balance is measured in terms of this forcing.  The effect of 

the post-industrial greenhouse gas increase is believed to be in the order of + 2.4 W m-2 

(Shine and Forster 1999), where a positive forcing indicates more radiation absorption 

and possible global warming.  Shine and Forster (1999) concluded that aerosol forcing 

contributes a - 1.0 W m-2 to the overall energy balance, suggesting that aerosols exhibit a 

net cooling effect.   

 

1.2.1. How Aerosols Affect Radiative Forcing 

 

The variety of aerosol sources (discussed in section 1.1) means that, on a global scale, 

aerosols show large temporal and spatial variation in their concentration, composition 

and size (Pilinis et al. 1995).  The effect these aerosol properties have on the planetary 

energy balance can be divided into two distinct categories; direct and indirect aerosol 

forcing. 

 

1.2.1.1 Direct Aerosol Forcing 

 

Direct aerosol forcing is best defined as “the climate forcing that results from 

scattering and absorption of radiation by particles in the atmosphere” (Pilinis et al. 

1995; Shine and Forster 1999; Hansen et al. 2000).  This definition encompasses both 
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the interaction of particles with incoming solar radiation (0.25 - 100 µm, Shine and 

Forster 1999) and reflected IR radiation (4 - 100 µm wavelength).   

 

Opposing effects (i.e. global warming and cooling) can occur from radiation 

interacting with different aerosol types.  The effect of direct aerosol forcing is dependent 

on the particle composition, which can influence a particle’s absorption and reflection 

properties.  Direct forcing is also determined by the wavelength of the radiation and its 

interactions with particles of different size.  Solar radiation interaction with soot 

particles from biomass burning produces a net positive forcing (i.e.  black particles 

absorb radiation) whereas smoke particles seem to have a negative forcing effect by 

back scattering incoming radiation (Shine and Forster 1999).   
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1.2.1.2 Indirect Aerosol Effect 

 

Indirect aerosol forcing is the change in forcing from clouds due to the presence of 

aerosols (Pilinis et al. 1995).  The presence of particles in the atmosphere increases the 

number of nuclei available (CCN) which can lead to a number of alterations to cloud 

properties (Shine and Forster 1999; Hansen et al. 2000); 

An increase in CCN can lead to: 

 

1. Increased formation of clouds which alters terrestrial radiation interaction. 

 

2. Increased particle number in clouds, which increases solar reflectance from 

clouds (albedo). 

 

3. Decrease in the overall particle size within the cloud, making removal less 

likely and lengthening the lifetime of the cloud. 

 

These points suggests a strong dependency of the indirect aerosol forcing effect on 

the particle number and size distributions (Wolf and Hidy 1997).  Hegg and Kaufman 

(1998) suggested that the most important CCN diameters, and therefore those most 

relevant to indirect forcing, were those below 0.1 µm.   

 

A second indirect forcing effect occurs when clouds contain particles that strongly 

absorb radiation.  When a particle absorbs radiation it will heat up the surrounding 
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atmosphere.  If this occurs within a cloud, a potential for reduction of cloud cover exists 

through cloud evaporation.  Also, if a cloud contains absorbing particles, cloud 

brightness is reduced which can affect radiative forcing.   

 

1.2.2. Particle – Radiation Interactions 

 

The way in which radiation interacts with a particle determines the magnitude of the 

forcing.  Both positive and negative forcing can arise through radiation - particle 

interactions of some kind.   

 

The wavelength of radiation can be altered by interactions with a particle.  There are 

three mechanisms which describe the possible effect on radiation:  elastic scattering 

(where scattered radiation has the same wavelength as the incident radiation), quasi-

elastic scattering (where the wavelength changes due to Doppler effects and diffusion 

broadening) and inelastic scattering (where the emitted radiation wavelength is different 

to that of the incident radiation) (Seinfeld and Pandis 1998, p1115). 

 

Radiation scattering about a particle is also described by certain regimes related to the 

size of the particle the radiation is interacting with.  Under a Rayleigh scattering regime, 

the diameter of the particle is smaller than the wavelength of radiation.  Rayleigh 

scattering is independent of particle shape and the forward and reverse scatterings are 

symmetrical.  The Mie scattering regime exists where particles have diameters about the 

same as the wavelength of radiation, whereas the geometric scattering regime results 
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from large particle diameters compared to the wavelength of the radiation.  Scattering in 

the geometric regime is strongly dependent on particle optical properties and shape 

while Mie scattering is seen as a transition between Rayleigh and geometric scattering.  

Within any of these three regimes any of the types of scattering mechanisms can occur. 

 

A dimensionless size parameter, α  equation (1.10) (Seinfeld and Pandis 1998, 

p1116), based on the particle diameter (DP) and the wavelength of the incident radiation 

(λ) gives an indication of the type scattering regime that will occur.   

 

λ
π

α pD
=  

 
α << 1  : Rayleigh Scattering  

α ≈1    : Mie scattering 

α >> 1 : Geometric Scattering 

(1.10)

 

 

1.2.3. Aerosol Size, Composition and Relative Humidity 

 

Particle size, as suggested by the different scattering mechanisms and regimes, plays 

an important role in radiation / particle interactions and radiative forcing.  An 

approximate upper size limit of 10 µm exists on particles involved in radiative forcing 

due to the fast removal of larger particles from the atmosphere (Pilinis et al. 1995). 
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Modification of particle composition and size from adsorbed and absorbed water was 

suggested by Pilinis et al. (1995) to be the single most important contributor to direct 

aerosol forcing.  The most significant modifications due to the effects of relative 

humidity were described: 

 

1. Hygroscopic growth of aerosols through the humidity in the atmosphere 

increases the sizes of particles.  This can be important for very small 

particles that would not normally scatter or absorb radiation when they grow 

to a size to be involved in the radiative process. 

 

2. Dissolution of aerosol species into water can change the forcing 

characteristics of the particle (e.g. dissolution of species into water will 

decrease the concentration of these species). 

 

A significant factor in the uptake of atmospheric moisture by a particle is its chemical 

composition.  Polar compounds and salts (e.g.  NaCl, (NH4)2SO4) within particles will 

encourage hydration while non-polar compounds will exhibit hydrophobic behaviour.  

Other effects of chemical composition are the absorption of IR radiation, discussed in 

section 1.2.1.1, and the change in reflectivity of a particle that results from various types 

of chemical species within the particle.  The most abundant species within atmospheric 

aerosols, and those having a large effect on radiative forcing due to aerosols are 

ammonium, chloride, nitrate and water (Pilinis et al. 1995). 

 

28 



Secondary Organic Atmospheric Aerosols                                                                                  Daniel A Lack 

1.2.4. Positive and Negative Forcing 

 

It has been estimated that anthropogenic aerosols contribute a negative forcing to the 

earth’s climate that is equal in magnitude to the positive forcing due to greenhouse gases 

(Iacobellis et al. 1999).  This apparent opposing effect in forcing is coincidental and 

does not result in a net neutral forcing.  The occurrence of aerosols is usually restricted 

to a local area, possibly extending across large distances during severe dust storms.  

Local or regional climatic effects can therefore result from aerosols, however these 

effects will not offset the positive forcing created by concentration increases of 

greenhouse gases that are well-mixed throughout the atmosphere.  Also, the aerosols that 

produce a negative forcing may be products of climate change themselves.  Atmospheric 

dusts, sulfuric acid aerosols, organic aerosols and soot can all be derived naturally or 

through some mechanism that has, or will affect climate change directly.  Forcing 

nullification, therefore, cannot occur because the feedback mechanisms to both negative 

and positive forcing are not independent. 
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1.3. Atmospheric Aerosols and Health  

 

The human lung is estimated to cycle between 10000 – 20000 litres of air daily (Salvi 

and Holgate 1999).  Urban air that can contain up to 107 - 108 particles per cm3 (Seinfeld 

and Pandis 1998, p408) which potentially exposes the respiratory system to 1015 

particles per day.  This exposure is suspected to cause both chronic (long term) and 

acute (short term) health effects.  These effects are mostly confined to the respiratory 

system and can include chronic and acute bronchitis, acute respiratory symptoms 

(coughing, wheezing etc.), asthma, changes in lung function and premature mortality 

(Donaldson 1996; van Vliet et al. 1997; Ostro and Chesnut 1998).   

 

The simplest way to outline the effect of air pollution on health, specifically that from 

aerosols, is to estimate the cost to the population of concern in terms of quality of life 

and financial cost.  Delucchi et al. (2002) estimated that cost of anthropogenic total 

suspended particles (TSP) in residential areas in the United State in 1990 ranged from 

US$ 26 billion to US$ 61 billion.  This range considered the extreme estimates of the 

cost of TSP to human health.  A report to the Ontario Medical Association (OMA 2000) 

concluded that the health impacts of air pollution in the Canadian province of Ontario 

would be in the order of CAN$ 10 billion.  In a report to the European Commission 

Holland and Watkiss (2002) presented estimates of 33000 EURO per tonne of PM2.5 per 

population unit of 100000 people (for the year 2000).  The estimated financial cost to the 

economy of Brisbane, Australia due to airborne particulates, in a study by Simpson and 

London (1995), was estimated at between AUD$ 203 and AUD$ 416 million per year 
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(for 1994).  The simplest statistic that illustrates the significance of air pollution is the 

estimate by the World Health Organisation that 2.7 million deaths annually can be 

attributed to all forms of air pollution (WHO 1997). 

 

1.3.1. Aerosols, Health and Guidelines 

 

Coarse mode aerosol, up to 10 µm (2.5 µm – 10 µm), are the largest particles that can 

access the alveolar sac of the lung (Seaton et al. 1995), which is the rationale behind the 

most common particulate matter (PM) standard, PM10.  PM10 is a measure of the mass 

concentration of particulates that pass through a 50 % efficient filter having an 

aerodynamic diameter of 10 µm or less.  The US EPA has set PM10 standards at 

150 µg m-3 averaged over 24 hours and 50 µg m-3 annually averaged (Phalen 1998).   

 

Since the introduction of PM10 standards throughout the world and resulting efforts to 

adhere to these standards, significant decreases in airborne particles in the 2.5 – 10 µm 

diameter range have occurred, although an apparent increase in < 2.5 µm diameter 

particles has also occurred (Spurny 1998 and references therein).  In recent years many 

researchers have focussed on the fine and ultra-fine aerosol modes and have found that 

they cause the bulk of health effects due to particles (Oberdorster and Gelein 1995; 

Donaldson 1996; Schwartz et al. 1996).  These fine particles easily access the 

epithelium, the boundary of the lung between air space and blood space.   
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The US EPA complemented the PM10 standard with a PM2.5 standard in 1997 in 

response to the mounting evidence that appeared to show the conclusive link between 

PM2.5 concentrations and increases in short-term adverse human health effects (Phalen 

1998).  This new standard which regulated PM2.5 concentrations at 65 µg m-3 averaged 

over 24 hours and 15 µg m 3 annually averaged.  Spurny (1998) reviewed some studies 

that showed higher correlations between PM2.5 and adverse health effects.  These studies 

showed that particle size is a significant factor in their effect on health and that a trend of 

increasing mutagenic activity with decreased particle size down to 0.1 µm diameters 

exists.   

 

Further studies have indicated that other effects related to size can also contribute to 

the health effects of aerosols:  Seaton et al. (1995) proposed that the size fraction above 

PM2.5 was easily settled by rain and gravity, potentially reducing the exposure time to 

aerosols and their effect.  Seaton et al. (1995) and Hauck (1995; 1998) also suggested 

that the PM2.5 fraction could easily travel large distances largely unaffected by weather 

and could also penetrate buildings which would tend to enhance exposure time resulting 

in larger effects on health.   

 

1.3.2. The “Health Effect” 

 

The proposed mechanism by which atmospheric aerosols (particularly the PM2.5 

fraction) affect human health is through the failure of the normal particle clearance 

process to cope with the quantity of particles within the lung.  Usually, particle-
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scavenging cells within the lung (called macrophage) surround particles which are then 

expelled via the airway.  When the macrophage population cannot cope with the 

incoming particles (through enhanced particle exposure and/or macrophage depletion), 

clearance is not effective.  Particles can then come in contact with the epithelium, the 

barrier between the air and blood space.  A process of particle removal called 

interstitialisation results where the particle is excreted via blood vessels to the liver or to 

the lymph nodes.  Inflammation of the epithelium results from the transport of the 

particle from the lung to the blood space. 

 

It is believed that this inflammation leads to the release of proteins that migrate to the 

blood space of the lungs and increase the coagulability of the blood in this region, which 

is believed to lead to cardio-vascular problems in susceptible individuals (Seaton et al. 

1995). 

 

1.3.3. Aerosol Properties and Health 

 

1.3.3.1 Surface Area 

 

Regulation of emissions of atmospheric particulates as a mass basis (e.g.  PM2.5 and 

PM10) potentially ignores one of the factors in the effect of particles on health.  Ferin et 

al. (1992) discussed this concern when their study showed that TiO2 dust less than 

50 nm in diameter substantially increased respiratory effects in rats as compared to the 
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same dose of 200 nm diameter particles.  This study suggested that toxicity of particles 

(including the relatively inert TiO2) was not linked to the mass of aerosol but the number 

distribution of the smaller size fractions and the surface area of the particles.  Seaton et 

al. (1995) hypothesised that it is particle size and number concentration (and hence total 

surface area) rather than mass that is the critical factor in the effect particulate matter has 

on health.  Spurny (1998) demonstrated that the PM2.5 mode of airborne particles is 

characterised by high particle number concentrations and surface area, while the mass 

concentration is low.  These studies suggest that the mass based PM health guidelines 

may not protect against the full effect of inhalation of atmospheric aerosol.  Oberdorster 

et al. (1995) provided further cause for debate when they found that increases in acute 

respiratory effects occurred at PM concentrations well below the US EPA guidelines.   

 

1.3.3.2 Free Radicals and Oxidative Effects  

 

Donaldson (1996) investigated the occurrence of free radicals on the surface of 

airborne particles.  This study suggested that large surface areas provide free radical 

storage, which allows PM2.5 particles to oxidise biological molecules deep within the 

lung.  Spurny (1998) also suggested that lipid per-oxidation, protein oxidation, DNA 

strand breakage and anti-oxidant depletion occurred due to these free radicals.  The 

effect of this, according to Donaldson (1996), would be to cause cell injury leading to 

inflammation at high oxidant levels and to activate those molecules responsible for the 

immuno-inflammatory response inside the lungs at lower oxidant levels.  This oxidative 

stress is believed to lead to a more permeable epithelium, which in turn allows for higher 
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levels of particulates to permeate and cause inflammatory reactions.  Donaldson (1996)  

found that the hydroxyl radical was the primary radical source on TiO2 and black carbon 

samples.  Other forms of oxidative stress that could be placed on the lung include 

organic and hydro-peroxy radicals produced in SOA formation.  Hauck (1998) also 

suggested that transition metals within the particles, particularly iron, could cause 

similar oxidative stress.   

 

1.3.3.3 Aerosol Composition and Acidity  

 

A diverse range of elements and species such as lead, chromium, cadmium, iron 

ammonia, nitrates, sulfates and chlorides are capable of existing on the surface or within 

the volume of a particle.  Elemental carbon, different hydrocarbon compounds and 

biological materials (such as bacteria and spores) have also been detected (Harrison and 

Yin 2000).  Some debate exists over whether it is simply the existence of aerosol or their 

composition that cause adverse health effects.  El-Fadel and Massoud (2000, p133) 

stated that “chemical composition [of particles] determine their impact on health”, 

whereas Harrison and Yin (2000, p86) cited the UK Department of Health Committee 

on Medical Effects of Air Pollution conclusions “that no known chemical substance is of 

sufficient toxicity given the current levels of exposure to particulate matter to explain the 

observed magnitude of health effects”.  They concluded that it is likely that chemical 

composition does play some role in adverse health effects.  Some composition effect 

does seem likely, especially considering the known mutagenic activity of large organic 
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compounds and the estimate by Weisenberger (1984) that eighteen thousand high 

molecular weight organic compounds could exist on the particles of diesel exhaust. 
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2 Secondary Organic Aerosols 

Chapter Two 

 

Secondary Organic Aerosols 
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2.1. Introduction 

 

The most important properties of any aerosol with respect to its effect on climate and 

on health has been shown in Chapter 1 to be the concentration and size distribution of 

number and mass, with composition also being significant. 

 

SOAs have additional significance to the atmospheric aerosol load, relative to all 

other aerosols.  They can originate from both biogenic and anthropogenic sources and 

their formation can arise from many different VOCs, from combinations of precursors 

and through thousands of chemical reactions.  The composition of these particles can be 

as varied as their formation pathways.  The interaction of SOA with other aerosols can 

alter aerosol properties significantly and their inherent size and composition make them 

a major suspect in adverse effects on human health.  It is for these reasons that SOAs 

have been targeted in this thesis. 

 

2.2. Formation 

 

Production of oxidised VOCs, that potentially form SOA, occurs via gas-phase 

oxidation of VOCs.  The pathways of oxidation are complex and the conversion of the 

non-volatile or semi-volatile VOCs to the aerosol-phase can occur via several pathways 

which include homogenous and heterogenous condensation and vapour partitioning 

(Juozaitis et al. 1996).  Traditionally it was thought that once a potential SOA species 

was formed its concentration needed to exceed its saturation vapour pressure for it to 
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nucleate or condense on existing particles (Pankow 1994; Odum et al. 1996).  

Subsequent work has shown (Odum et al., 1996) that condensation is not the only form 

of gas to particle conversion and that organic reactions forming secondary organic 

species are not exclusive to the gas phase. 

 

2.2.1. Gas Phase Organic Chemistry 

 

Four dominant reactions of VOCs exist in the atmosphere, with the products of these 

reactions potentially leading to SOA formation.  Reactions with ozone (O3), hydroxyl 

radical (OH.), nitrate radical (NO3
.) and radiation (hν) initiate the major pathways for 

VOC oxidation.   

 

Ozone is formed in the troposphere by the photolysis of NO2 (Atkinson 2000, p2067); 

 

)(3
2 PONOhNO +→+ υ  

MOMOPO +→++ 32
3 )(  

223 ONONOO +→+  

(2.1)

(2.2)

(2.3)

 

A steady state of O3 concentration is established according to the steady state 

reactions (2.1), (2.2) and (2.3).  Hydroxyl radical formation results from the photolysis 

of O3; 

)(1
23 DOOhO +→+ υ  (2.4) 
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.
2

1 2)( OHOHDO →+  (2.5)

 

Nitrate radical formation results from the ozonolysis of NO2; 

 

2
.

332 ONOONO +→+  (2.6) 

 

VOCs in the atmosphere play an integral role in the O3, OH., NO3
. production cycle 

by interrupting the ozone steady state process.  The abstraction of hydrogen from VOCs 

(i.e.  RH where R is any alkyl chain) by the hydroxyl radical is a common process and 

results in an alternative to reaction (2.3) for the production of NO2; 

 

OHROHRH 2
.. +→+  

.
2

. ROOOR →+  

2
.. NORONOROO +→+  

(2.7) 

(2.8) 

(2.9)

 

The alkyl peroxy and alkoxy radicals (ROO., RO.), also react with NO, NO2 and O2 to 

form alkyl nitrates (Atkinson 2000) and carbonyls (Seinfeld and Pandis 1998, p266); 

 

MRONOMNOROO +→++ .
2

.
 

MROONOMNOROO +→++ .
22

.  
.

2
.

2
. ' HOCHORORO +→+  

(2.10) 

(2.11) 

(2.12)
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Addition reactions with the hydroxyl radical also contribute the oxidation of VOCs, 

particularly alkenes; 

 

OHCHCHROHCHRCH 2

.
.

2 →+=  

    

3 3

3

 

Reaction with O3 is a significant reaction for unsaturated VOCs; 

 

            

(2.16) 

(2.17)

pose to an assortment of products, potentially semi-volatile or non-

volatile VOCs.   

  2

.
)( HCOHRCH→  

(2.13) 

(2.14)

 

These hydroxyl alkyl radicals can then react according to (2.8) and the products react 

via (2.9), (2.10), (2.11), (2.12). 

 

Daytime reaction of VOCs with NO . is insignificant due to fast photolysis of NO . 

although at night time the NO . reaction can dominate VOC chemistry.   

 

3
..

3 HNORNORH +→+  (2.15)

*][)(
..
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OOO
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*][)(
..

2143 OOCRRROCR +→  

 

The initial products of this ozonolysis, known as criegee intermediates, can react 

further or decom
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Figure 2.1, Ozonolysis of α-Pinene Showing some known SOA Forming Species in 
Grey.   
This reaction sequence from Jang and Kamens (1999) 
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Figure 2.2, Oxidation of Toluene to Aromatic Products Showing Known SOA 
Forming Species in Grey.   
This reaction sequence from Jang and Kamens (2001) 
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VOCs containing chromophores can photolyse to provide an additional reactive 

pathway (Atkinson 2000).  For organic nitrates, this reaction pathway releases NO2 

stored in night time chemical process; 

 

2
.

2 NOROhRONO +→+ υ  (2.18)

 

Many reactive pathways for VOCs can potentially produce thousands of different 

species depending on the type of VOC being oxidised.  The general reaction processes 

have been summarised in (2.1) - (2.18).  

 

One of the most abundant biogenic VOCs, α-pinene, is emitted from many different 

types of vegetation. α-pinene readily reacts with ozone and the complex nature of the 

reactions subsequent to ozonolysis is substantial. During these complex reactions non-

volatile and semi-volatile organic species form which can condense to form SOAs.  

Similarly, toluene is one of the most common anthropogenic VOCs and undergoes 

complex reactions following initial attack from the hydroxyl radical.  For example, the 

formation of benzoic acid, a species known to exist in particulate form, requires OH. 

attack of toluene and subsequent reaction or interaction of the reaction product with O2 

→ NO → O2 → OH. → O2 → O3.  The overall complexity of the organic gas phase 

reactions leading to the formation of potential SOA species is illustrated in Figure 2.1 

(α-pinene) and Figure 2.2 (toluene).   
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2.2.2. Aerosol Formation 

 

The formation of potential SOA species, within the gas-phase may result in particle 

formation and/or particle growth according to a number of different mechanisms.  

Particle formation can result from homogenous condensation (nucleation), as observed 

in chamber a studies (Wang et al. 1992a) and possibly some natural atmospheric events 

(Mäkela et al. 1997; Kavouras et al. 2002), while particle growth can occur via 

heterogenous condensation, adsorption or absorption of the SOA species onto/into 

existing particle.   

 

2.2.2.1 Condensation 

 

Gas-phase species have a saturation vapour pressure (P0), a pressure at which the 

vapour is in equilibrium with the liquid.  As VOCs react, gas-phase products either 

continue to react or their concentrations build until this saturation vapour pressure (or 

saturation concentration) is reached.  As these products interact with existing particles, 

any excess above saturation will condense; a process dependent on the species 

concentration and surface area of the existing aerosol profile (Kerminen et al. 2000). 

 

If particles do not exist, or if the species does not interact with the existing particles, 

the molecules of the species will form clusters that can grow, depending on the level of 

saturation, to form new particles.  Nucleation events attributed to the oxidation of 

biogenic organic compounds have been recorded in the natural environment (Mäkela et 
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al. 1997; Kulmala et al. 1998) although recent studies have cast doubt on whether it is 

an organic or inorganic nucleation event(Aalto et al. 2001; Mäkela et al. 2001). Despite 

this the ratios of OC relative to EC analysed from aerosol samples suggest that non-

volatile and semi-volatile VOCs regularly condense onto existing particles.   

 

2.2.2.2 Partitioning 

 

Observations of particle growth at vapour pressures less than saturation lead to the 

formulation of the gas to particle partitioning theory for SOA growth.  The theory of 

heterogenous condensation of semi-volatile and non-volatile VOCs does not consider 

any potential for a species to adsorb to a particles surface or absorb into the existing 

organic phase of the particle itself (Pankow 1994).  Sorptive partitioning research 

(Seinfeld and Bassett 1982; Pankow 1994) has shown that the partitioning of a species 

does not require saturation and could occur at concentrations well below the saturation 

concentration of the species.   

 

Gas to particle partitioning results from absorption and adsorption of the condensable 

species to a particle, and is dependent on gas and aerosol-phase concentration and 

composition.  Partitioning can occur at concentrations below saturation due to the gas-

phase species diffusing to the surface and into the volume of a particle.  The partitioning 

species diffuses due to favourable energy conditions and sites for adsorption, which are 

dependent on the existing aerosol-phase. 
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Adsorption of species to a particle is represented by the adsorption partitioning 

coefficient (Kads,i, m3 µg-1, 2.19). 
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where Ns is the surface concentration of sorption sites, as the specific area of the 

particle, Q1 the enthalpy of desorption from the surface, Qv the enthalpy of vaporisation 

of the compound as a liquid, R the universal gas constant, T the temperature and Po
i the 

saturation vapour pressure of the compound i (Pankow 1994). 

 particle is represented by 

the absorption partitioning coefficient (Kabs,i, m3 µg-1, (2.20). 

 

 

Absorption of semi-volatile VOCs into the bulk of existing

(2.20)
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where MO is the mass concentration of absorbing aerosol, R the universal ga  

constant, T the temperature, MWO the molecular weight of the absorbing aerosol and iγ  

the activity coefficient of the species being absorbed in the solution.  The activity 

coefficient provides an indication of the variability of absorption between different 

absorbing phases (Goss and Schwarzenbach 1998). 
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2.2.2.3 Temperature and Humidity 

 

Strader et al. (1999) modelled the temperature dependence of SOA and highlighted 

the opposing effects of increased VOC reaction rates and increased vapour pressures of 

reaction products with a temperature increase.  The model predicted an optimum 

temperature where VOC reactions are sufficiently fast and saturation vapour pressures 

sufficiently low to produce the maximum quantity of SOA.  Strader et al. (1999) 

investigated twenty one SOA producing species and found this temperature was about 

16 °C.  Above and below this temperature SOA production is reduced.  Tsigaridis and 

Kanakidou (2003) and Sheehan and Bowman (Sheehan and Bowman 2001) also 

considered temperature dependence of SOA mostly incorporating temperature 

variability into the partitioning coefficient (2.20).  

 

Changes to SOA production and SOA dynamics due to humidity can occur in a 

number of ways.  Increased water availability in the gas-phase potentially alters gas-

phase chemistry while increased competition for adsorption sites by water molecules at 

higher humidity reduces SOA adsorption (Storey et al. 1995).  At higher relative 

humidity, hydrophobic species are less likely to absorb whereas absorption of 

hydrophilic species will be enhanced.  Recent studies have shown that relative humidity 

has a direct effect on SOA growth when acid catalysed heterogenous chemistry is taking 

place (Jang et al. 2002).  In the absence of acid catalysts, SOA growth is independent of 

relative humidity.  Seinfeld et al. (2001) presented a model for the effect of relative 

humidity on SOA formation based on the gas to particle partitioning approach.  This 
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model predicted that an increase in relative humidity would cause species specific 

increases in SOA mass formation.  Increases in SOA mass formation of 35 % to 90 % 

for various species were predicted as the relative humidity approached 100 %.  This 

change is due to SOA condensation being promoted by the reduced molecular weight 

(MWO, refer to (2.20) of the adsorbing phase (organic/water mixture).  SOA 

condensation was also affected: the condensation of hydrophilic species is enhanced as 

relative humidity increases (this effect is summarised into the activity coefficient, iγ ., of 

(2.20)  
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2.3. SOA Measurement and Occurrence 

 

Measurement of SOA in the atmosphere is a difficult undertaking, with no direct 

method able to determine the origin of the organic material being measured.   

 

Filtering of aerosol-laden air has been used to measure the mass of organic aerosol or 

organic fraction of aerosol.  Two major problems with this method exist.  The first is 

that the airflow across the filter creates pressure gradients that could evaporate SOA 

species.  The second problem with this technique is that any species identified cannot 

conclusively be associated with secondary formation processes.   

 

The most common technique to measure OC and EC is via thermal optical reflectance 

(TOR).  Compounds evolved through heating aerosol laden filters in atmospheres of 

oxidising and non-oxidising gases cause a change in the reflectance of radiation passing 

through a measurement chamber.  These radiation perturbations can be related to 

concentration of vaporised OC and oxidised OC.  All OC aerosol data retrieved from 

optical reflectance techniques contain both primary and secondary organic species and 

also are measured as a mass concentration of carbon, not mass concentration of organic 

species.   

 

To obtain an estimate of the real quantity of organic compounds in the sample a 

conversion from OC (as µg Carbon m-3) to a value inclusive of the oxygen, nitrogen and 
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hydrogen (as µg m-3) of the organic compounds is necessary, with factors from 1.7 to 2.9 

regularly used (Turpin and Huntzicker 1995). 

 

SOA particle number and size distributions can be measured using Scanning Mobility 

Particle Sizers (SMPS), although the SMPS system does not differentiate between SOA 

and other particle types.  The SMPS system draws particles through an impaction device 

that removes particles above a certain diameter.  The analytical range of particles is 

charged according to a known charge distribution and then passed through a Differential 

Mobility Analyser (DMA) that alters the flow trajectory of particles according to their 

size and charge.  Mono-disperse aerosol of a known electrical mobility, and hence 

diameter, is allowed to pass through an exit orifice as the DMA scans each diameter 

range.  The mono-disperse aerosol enters a Condensation Particle Counter (CPC) that 

saturates the particles with alcohol.  These alcohol-saturated particles grow to a size that 

can be detected by laser where each interruption of the laser signal is recorded as a 

particle.  The number of particles within a size range can be measured by combining the 

SMPS and CPC systems.   

 

As mentioned in section 2.3, SOA is regularly observed within boreal forests (Mäkela 

et al. 1997; Kavouras et al. 1998).  These studies use a combination of particle and gas-

phase instrumentation to collect and analyse gas-phase samples that correlate to particle 

formation events.  When nucleation is observed, bulk atmospheric samples are collected 

and analysed for VOCs and their oxidation products.   
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Studies that make a clear identification of SOA species in the urban environment also 

exist (Foreman and Bidleman 1990; Odum et al. 1996).  Compared to other aerosol 

types, the quantity of observational data for SOA is minimal and a direct measurement 

technique for SOA in the atmosphere as a component of total aerosol concentration does 

not exist. 

 

Strader et al. (1999) were able to derive SOA estimates using carbonaceous aerosol 

measurements in the San Joaquin Valley, California.  At three of the measurements sites 

they found that SOA represented up to 34 % of OC aerosol with average concentrations 

ranging from 0.3 to 7.4 µg C m-3 (or 0.4 – 10.3 µg m-3).  SOA concentrations as high as 

~ 32 µg m-3 were calculated from observed data using the techniques to convert mass of 

carbon to mass inclusive of carbon, oxygen, nitrogen and hydrogen. 

The significant contribution of SOA to the atmospheric aerosol load was revealed 

during the 1987 Southern Californian Air Quality Study.  This study showed that during 

peak photochemical conditions SOA can comprise up to 70 % of total organic aerosol 

(Odum et al. 1996).  The biogenic fraction of SOA contributes the most with estimates 

of global annual burden varying from 18.5 Tg yr-1 to 270 Tg yr-1, (Andreae and Crutzen 

1997; Griffin et al. 1999b).  Estimates for the anthropogenic contribution are scarce 

although using various techniques (such as a fractional yield of 5 % SOA from reacted 

VOC, Andreae and Crutzen 1997), burdens between 1 - 30 Tg yr-1 can be estimated.  

The overall contribution of SOA is shown to be significant when compared with an 

estimate of global sulfate aerosol burden of 230 Tg yr-1 (Andreae and Crutzen 1997). 
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Turpin and Huntzicker (1995) estimated SOA, for Claremont California over a three 

day period, that ranged up to ~ 15 µg m-3.  Barthelmie and Pryor (1997) utilised results 

of two field campaigns (IMPROVE network results during REVEAL and REVEAL II 

field campaigns) to show that OC concentrations (both primary and secondary) averaged 

between 2 and 30 µg m-3 in the Lower Fraser Valley, British Columbia.  Measured VOC 

concentrations and aerosol yield data were used to derive SOA estimates that varied 

from ~ 0.7 to ~ 7 µg m-3 within this study area.  Background rural primary and 

secondary organic aerosols from the IMPROVE north American rural sites ranged from 

1 to 3 µg m-3 (estimate by Liousse et al. 1996).  Biogenic SOA in Northern Europe was 

observed at an average of ~ 3.5 µg m-3 (Andersson-Skold and Simpson 2001). 
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2.4. Representing Aerosol Production: Aerosol Yield 

 

The formation of SOA has commonly been observed in smog chamber studies of the 

photo-oxidation of both anthropogenic (e.g.  toluene) and biogenic (e.g.  α-pinene) 

VOCs.  Smog chambers provide a controlled and continual measurement environment 

for both aerosol and gas-phase components.  Due to this high degree of control, chamber 

experiments have been used extensively to derive estimates of SOA yield from various 

organic species. 

 

The simplest method of describing the production of SOA from an organic precursor 

is the ‘bulk yield’ (Yb,i) which describes the mass concentration of SOA produced (∆Ca,i) 

from an amount of reacted VOC ( ∆VOCi) (2.21); 
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These yields are determined in chamber experiments for a single VOC and use the 

total mass of SOA formed during the experiment and the corresponding amount of 

reacted VOC (oxidised via any reaction pathway, e.g. O3, OH., NO3
.).  Toluene, a 

common anthropogenic SOA forming VOC, has a bulk yield of 424 µg m-3 ppm-1.  A 

selection of other common VOCs and their SOA bulk yields are given in Table 2.1 

(Seinfeld and Pandis 1998, pp739-740). 
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Table 2.1, SOA Bulk Yields for Example Anthropogenic and Biogenic VOCs 
 

Species SOA Bulk Yield 
(µg m-3 ppm-1) 

Anthropogenic:  
Toluene 424 
m-Xylene 419 
1,3,5-Trimethylbenzene 577 
n-Octane 98 
  
Biogenic:  
Isoprene 0 
α-Pinene 762 
ß-Pinene 720 

 

 

The bulk yield value is only dependent on the reaction of VOC and gives an estimate 

of SOA as soon as reaction occurs.  The generally accepted simple representations of 

condensation and nucleation suggest, in contrast to this bulk yield representation, that a 

species concentration must accumulate during the initial period of VOC reaction until a 

critical saturation level before particle formation or growth can occur.   

 

Another yield method, similar to the bulk yield method, is the fractional yield (Yf,i), 

where SOA and VOC concentrations are given as µg m-3 which provides a yield value as 

a fraction of reacted VOC mass that will form SOA (2.2).   
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Odum et al. (1996) investigated SOA fractional yields of VOCs by assuming a 

partitioning model where adsorption of non-volatile and semi-volatile VOC occurs on an 

existing particle until a monolayer exists after which absorption of the semi-volatile 

VOC into the underlying organic layers dominates.   

 

The SOA fractional yield (Yf,i) of a precursor hydrocarbon (i) is calculated using 

(2.22), the mass concentration of precursor reacted (∆VOCi) during an experiment and 

the mass concentration of SOA formed (∆Ca,i) during an experiment.  The fractional 

yield is related to the mass concentration of existing organic aerosol mass in the 

chamber (MO).  Several experiments with differing MO and initial VOC concentrations 

provide the data (one point per experiment) to produce a curve to which the partitioning 

coefficients (Kom, j) and mass stoichiometry coefficients (αj) are determined by fitting 

(2.23) (Odum et al. 1996) to the fractional yield versus MO curve.  These coefficients 

apply to the hypothetical oxidation products (j) that form SOA (between 2 and 6 

theoretical products from (2.24) have been used to fit this curve).   
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...2211 ++→ prodprodVOC αα  (2.24)
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where Ca,j is the mass concentration of reaction product i in the aerosol-phase, and 

Cg,j is the mass concentration in the gas phase. 

 

The partitioning theory has been applied to many studies in various forms, the most 

common using a two-product model which assumes that two theoretical SOA products 

(2.24) form aerosol.  Some studies have used three or more products, although two have 

been shown to be sufficient to fit most experimental chamber data (Odum et al. 1997b).   

 

Most recently (Jiang 2003), the partitioning method has been refined to account for 

instantaneous SOA production as opposed the method of Odum et al. (1996) that is 

derived from observations from many experiments but applied internally to a single 

system.  This development may further improve the estimation of SOA formation. 

 

A problem faced by all methods of describing an aerosol yield is the complications 

that a VOC mixtures and different oxidant regimes could have on SOA production.  

Published bulk and partitioning yield data are determined for a single VOC and most 

often in systems where the ratios of oxidants are not considered.  Knowing the effect of 
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mixtures on SOA yield is extremely important, considering that the real atmosphere is a 

mixture of thousands of organic and inorganic species that have a complicated effect on 

VOC reactivity and SOA formation pathways.   
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2.4.1. A Mixed Atmosphere 

 

2.4.1.1 Atmosphere Replication 

 

The chemical composition of the atmosphere is complex.  The interaction of 

atmospheric components, even at concentrations of parts-per-trillion at which most 

occur, determines the chemical state of the atmosphere.  As a result of this, the 

representation of the gas and aerosol-phase processes of the atmosphere is an onerous 

task and rarely represented explicitly.  The fate of a VOC in VOC mixtures is usually 

modelled using empirical mechanisms that describe VOC reactivity based on the 

functional groups within the molecule.  The development of these mechanisms over the 

years has incorporated some of the complex effects of variable oxidant concentrations 

(or regimes) to replicate ozone formation in local or regional areas.  As these 

mechanisms have developed for modelling ozone formation, the non-linear effect on 

ozone concentrations of variable VOC/NOX ratios have been incorporated.  This non-

linearity is dependant on the complex reaction paths of the most common atmospheric 

oxidants, O3, OH. and NO3
..   

 

Some of these mechanisms developed for the gas phase, have been used in 

conjunction with quite simplified SOA yields to model SOA formation within controlled 

chamber experiments.  It is difficult to judge how well they perform when used for both 

gas and aerosol modelling of a mixed atmosphere, although it is reasonable to assume 
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the complexities of oxidant regimes that affect ozone production are equally or more 

complex in SOA formation.  It is for this reason that the variations in the behaviour of 

SOA yield throughout many experimental studies have been observed.  The most 

reliable of these results have been published for bulk yields (Pandis et al. 1992) and 

have been used in many modelling studies.  The gas to particle partitioning theory has 

been generally accepted as providing the best available representation of SOA mass 

formation although large variations between predicted and measured (laboratory or in 

the field) SOA mass still exists.  

 

2.4.1.2 The Effects of Mixed Systems on the Gas and Aerosol-Phase 

 

The addition of any species to a gas phase system that changes the concentration of 

reactive species will have an effect on the state of the system.  It is possible that the 

addition of species that alter ozone, hydroxyl radical or NOX concentrations within SOA 

chamber experiments (such as those used to determine SOA yield parameters) will have 

a significant effect.  Studies that use additives or investigate their effect are numerous: 

  

Smog chamber experiments are commonly used to investigate atmospheric processes.  

Some replication of a mixed atmosphere has been attempted while the most common use 

of mixed chamber experiments is to speed or slow experimental reactions.  The addition 

of methyl nitrate (CH3ONO) to VOC/NOX chamber experiments (Hurley et al. 2001) 

generates hydroxyl radicals (OH.) which increase the rate of the hydrocarbon reactions.  

Conversely, the addition of cyclohexane has the effect of scavenging hydroxyl radicals 
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(up to 97 % to produce cyclohexanone and cyclohexanol, Aschmann and Atkinson 

1994),  This allows the VOC to react almost explicitly with ozone. 

 

The addition of inorganic species, such as sulfur dioxide (SO2), to VOC/NOX 

chamber studies leads to an early nucleation burst of sulfuric acid particles (Wang et al. 

1992b), which promotes semi-volatile VOC condensation.  Similarly the addition of 

ammonia (NH3) to these systems promotes gas to particle conversion (Wang et al. 

1992b).  Introduction of inorganic seed particles, such as ammonium sulfate 

((NH4)2SO4) , Jang and Kamens 2001) also alters the behaviour of the condensable 

organic products by promoting condensation. 

 

The addition of propene to toluene, xylene or other hydrocarbon systems is a common 

practice to increase the reactivity of the system (Wang et al. 1992b; Hurley et al. 2001; 

Jang and Kamens 2001).  This addition increases the production of hydroxyl and β-

hydroxy alkoxy radicals that quickly react with other species.   

 

Jang and Kamens (2001) investigated a toluene/NOX system with addition of 

propene.  The objective of the work was to “describe as many new reaction products as 

possible from the photo-oxidation of toluene in the presence of NOX” (Jang and Kamens 

2001).  In accordance with the objective, the results were assigned as the result of a 

toluene/NOX system when it was actually a toluene/propene/NOX system.  There was an 

undocumented assumption in this study that propene only affects the rate of the toluene 

system and not the process leading to the formation of potential SOA species. 
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Many studies designed to investigate SOA formation have used propene.  Karch et al 

(1989) introduced propene to promote reactivity in a SOA chamber study of methyl-

cyclohexane and seed particles.  There was no estimation of the effect of propene on this 

result.  Hurley et al. (2001) investigated the formation of SOA from toluene to 

determine the sources of SOA products.  Three chambers were used to study toluene 

reactions with ozone, hydroxyl radicals or nitrate radicals.  The addition of methyl 

nitrate increased hydroxyl radical concentrations, while propene was added to some 

experiments to increase the reactivity of the system.  Aerosol yield was not affected by 

the presence of CH3ONO but any effect of propene on the SOA yield was not 

considered.  The studies of Hurley et al. (2001) showed “variability of results between 

laboratories, but also … variability of results within the same laboratory”.   

 

These studies readily mix precursor species when determining SOA yield without 

seeming to consider the effect it may have on aerosol production.  Different 

concentrations of VOC and NOX have shown to produce changes to the type of SOA 

formed.  Hallquist et al. (1999) observed different yields of nitrated organics and 

carbonyl compounds from monoterpene oxidation depending on the amount of nitrate 

radicals in the system.  Zhang et al. (1992) and Izumi et al. (1988) observed at certain 

VOC / NOX ratios that non-nitrated hydrocarbons were produced in the aerosols rather 

than nitrated hydrocarbons, indicating a dominance in ozone and hydroxyl promoted 

(rather that NOX promoted) hydrocarbon oxidation.  Like ozone (Atkinson 2000), SOA 

appears to have a NOX limited and an ozone limited regime.  Barthelmie and Pryor 

(1999) produced examples of SOA isopleths for α-pinene oxidation under variable 
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VOC/NOX conditions.  Using the adsorptive partitioning model (section 2.2.2.2) this 

study showed that SOA production can depend on the NOX, ozone and hydroxyl radical 

conditions that exist due to initial VOC and NOX concentrations. 

 

In a recent study Jang et al. (2002) observed significant changes to SOA yield due to 

the addition of acidic seed particles.  The acid catalysis effect of the seed particles 

promoted hydration and hemi-acetal and acetal formation from the carbonyl species 

involved in equilibrium between the gas and SOA phase. 

 

Mixtures of organic and inorganic species can introduce variability to the SOA 

formation process.  It is therefore important to use the published SOA yield parameters 

with some caution, particularly considering they are often developed as a single VOC 

under limited oxidant ranges, with additional additives such as propene.  Also, these 

single VOC yield values are often applied to VOC mixtures.  
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2.5. SOA Modelling 

 

2.5.1. SOA Mass Modelling 

 

The simplest form of modelling the formation of SOA is by using the bulk or 

partitioning yields (section 2.4) to determine a mass concentration of aerosol.  Mass 

concentrations from both of these yield methods require gas-phase chemistry modelling 

of the VOC loss, which can be done via any number of validated explicit or lumped gas-

phase mechanisms (e.g.  CBM, SAPRC, RADM).  Once the quantity of VOC reacted 

has been modelled, the mass of SOA can be predicted by the bulk yield method, or the 

partitioning method if primary organic aerosol mass (MO) is known. 

 

2.5.2. SOA Dynamical Modelling 

 

2.5.2.1 Nucleation 

 

Nucleation, also referred to as homogeneous condensation, is the process where 

molecules of gas-phase species combine to form clusters large enough to exist as stable 

particles.  When the vapour pressure of the compound (Pi) exceeds its saturation vapour 

pressure (PO
i) non-volatile species nucleate and establish the aerosol population.  Once 

the aerosol population has been created through a nucleation event, the processes of 
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condensation, gas to particle partitioning or coagulation can begin and will be the 

dominant processes through any nucleation events that follow (Moldanova and 

Ljungstrom 2000). 

 

The formation rate of nuclei from homogenous nucleation is dependent on the 

saturation ratio (Si) (2.26) and the number of molecules of the compound required to 

form the critical cluster size (Kamens et al. 1999).  The higher the degree of super-

saturation of a system the more likely is the formation of clusters.   
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The classical nucleation theory is one of the mathematical representations of the rate 

of nucleation derived from first principles (2.27, Seinfeld and Pandis 1998, p549) and 

predicts the nucleation rate of new particles (cm-3 s-1).  The nucleation rate is based on 

the initial number of monomers of the species nucleating (N1), the rate of collision of 
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An adaptation of the classical nucleation theory (constrained equilibrium approach) 

predicts varying particle sizes and takes into account the work required to form the 

critical cluster at a certain degree of super-saturation.  As the degree of super-saturation 

during a nucleation event changes, particles of different sizes will be nucleated.  As 

monomers approach clusters of smaller radii the free energy change (∆G) increases until 

it reaches a maximum (∆G*) at the critical cluster radius (r*).   
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where σ is the surface tension of sp

3216 συπ (2.28) 

ecies, ν the volume of species in bulk liquid, k the 

equilibrium constant, S the saturation ratio and T the temperature (Seinfeld and Pandis 

19

Bowman et al. 1997) or methods that consider humidity, temperature and super-

98, p557). Once this free energy barrier has been breached, cluster formation occurs 

without restriction (Rao et al. 1978). 

 

Most aerosol models that contain a SOA component utilize pre-existing aerosol to act 

as the condensing surface (Pandis et al. 1993; Andersson-Skold and Simpson 2001).  In 

these models the SOA component grows by condensation and gas to particle partitioning 

without the need for SOA nucleation.  The pre-existing aerosol can be a primary aerosol 

emitted into the system (e.g.  sea salt, organic matter from biomass burning) or, most 

commonly, is formed through H2SO4/H2O or H2SO4/H2O/NH3 particle nucleation 

(Lurmann et al. 1997; Meng et al. 1998; Binkowski 1999).  These sulfuric acid 

nucleation events have been represented by classical nucleation theory (Oxtoby 1992; 
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saturation variations to empiricise the nucleation rates of the nucleating species (Wexler 

et al. 1994).  The importance of sulfate nucleation in marine environments has recently 

been questioned with suggestions that photo-oxidation of marine-sourced iodine 

co

rticles are assumed to be of one fixed 

size (e.g. 3.5 nm, Binkowski 1999) or as a fixed log-normally distributed nucleation 

mode (Binkowski 1999; Kerminen et al. 2000).   

 

2.5

o aerosol particles and are dependent 

on the size of the interacting gas and particle. The movement, probability and success of 

co

h a molecule or particle is small relative 

to its diameter (representation provided in Figure 2.3). The larger particle effectively 

sees the smaller molecule or particle as a fluid. 

mpounds contribute significantly to particle production (O'Dowd et al. 2002).  

 

A variety of nucleation methods has been used in modeling the production of 

particles in the atmosphere.  A number of methods have been used to represent these 

nucleated particles.  Most commonly, the new pa

.2.2 Particle – Molecule and Particle - Particle Interactions 

 

The interactions of a particle with a gas molecule or another particle are common 

process in the atmosphere. These interactions are responsible for partitioning of gas 

phase molecules to an aerosol or coagulation of tw

llisions are described by three kinetic regimes:  

 

Continuum regime diffusion kinetics exists when the mean free path is small; when 

the distance a particle must travel to collide wit
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Figure 2.3, Representation of the Continuum Diffusion Regime for Particle/ 
Molecule or Particle/Particle Kinetic Interactions.  
The continuum regime is characterised by small mean free paths: 
where the distance the larger particle has to travel to collide with 
other particles is small compared to its diameter. 

 

 

The free molecular regime is characterized by large mean free paths; where the 

smaller colliding molecules or particles collide with the larger particle and appear to the 

larger particle as individual collision events (representation given in Figure 2.4).  

 

 

 

 

Figure 2.4, Representation of the Free Molecular Diffusion Regime for Particle/ 
Molecule or Particle/Particle Kinetic Interactions.  
The free molecular regime is characterised by small mean free paths: 
where the distance the larger particle has to travel to collide with other 
particles is small compared to its diameter. 
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The transition regime (mean free path of ~ 1) is a combination of continuum and free 

molecular regimes. For the three kinetic regimes, different kinetic approaches must be 

used. Diffusion kinetics for SOA condensation and coagulation will be discussed in 

subsequent sections. 

 

2.5.2.3 Condensation / Gas to Particle Partitioning 

 

Pre-existing aerosol, whether primary or secondary in nature, provides a sink for 

semi-volatile and non-volatile VOCs.  Condensational growth is represented 

mathematically as the rate of change of volume of a particle of diameter Dp due to the 

conversion of species i from the gaseous to the aerosol-phase.  The rate of change of 

volume of a particle due to condensation is given by (2.29) (Seinfeld and Pandis 1998, 

p651).  The representation of condensation of species onto particles does not include any 

dependence on the particle type. 
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where v is the volume of particle, ρp the density of particle, Di the diffusion 

coefficient of species i in air, Mi the molecular mass of species i, Pi the vapour pressure 

of species i and Po
i is the saturation vapour pressure.  f(Kn,α) is a correction to include 

non-continuum regime effects and surface accommodation.  This correction process 

accounts for condensation in the free molecular regime, where condensation is 
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dependent on particle surface area rather than particle diameter, as in the continuum 

regime.  This correction is most commonly carried out using the method of Fuchs and 

Sutugin (Fuchs and Sutugin 1971). 

 

A variety of experimental studies has investigated the condensation process.  

Kerminen et al. (2000) found that the quantity of condensation of non-volatile and low-

volatile organics in seeded experiments was dependent on the surface area of the 

existing particles.  Kerminen et al. (2000) also suggested that the condensation for low-

volatile organics is dependent on the composition of the particles, although Cruz and 

Pandis (1999) found no variation in accommodation coefficients (chance of collision 

resulting in a condensed molecule) for various particle substrates.   

 

The alternative to modelling the condensation rate is to utilize the partitioning model 

described in section 2.2.2.2 and 2.5.2.3.  This model determines absorptive partitioning 

based on existing aerosol type and mass. 

 

Most SOA models utilize this partitioning theory for predicting SOA absorptive mass.  

Some models, particularly those with multiple aerosol species, calculate explicitly the 

condensation/evaporation driving force, which is the difference between the species 

concentration in the bulk gas and the concentration just above the particle surface 

(Jacobson 1997; Meng et al. 1998; Pirjola and Kulmala 2000).  Hybrids of the 

partitioning and condensation methods also exist, where partitioning theory is used to 

calculate the gas-phase concentration above the particle surface, which is then 

implemented into a condensation-like flux equation (Bowman et al. 1997).   
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2.5.2.4 Coagulation 

 

Coagulation comes about through collisions between particles that result in the 

merging of the particles into one.  The method of collision is the important factor in 

determining the effect of coagulation.  The most common mode of coagulation is 

through Brownian motion, where the thermal energy of molecules surrounding a particle 

results in unsymmetrical collisions with the particle causing movement and consequent 

collision with other particles.  Collisions of particles in laminar and more so in turbulent 

flow add significantly to coagulation and collisions due to gravitational settling usually 

coagulate particles to such an extent that they are removed from the atmosphere entirely. 

 

The mathematical representation of these coagulation systems is primarily dependent 

on the diffusion regimes (discussed in section 2.5.2.2).  The general coagulation 

equation consists of terms for Brownian motion diffusion, laminar and turbulent flow 

diffusion and gravitational settling (2.30).  The equation (2.30, Seinfeld and Pandis 

1998, p675) also considers loss by particle-particle interaction. 
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where N is the number of particles containing j or k monomers and K the coagulation 

coefficient of particles containing j or k monomers.  Coagulation coefficients are 

dependent of the diffusion kinetics and are calculated for each interaction.   

(2.30)
kN
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Coagulation routines based on the discrete coagulation equation are commonly used 

(Jacobson 1997; Binkowski 1999; Pirjola and Kulmala 2000) and improve the estimate 

of growth of particles through to CCN size.  Coagulation modelling is also critical if the 

evolution of nucleated and emitted aerosol is to be represented and if condensation or 

partitioning are not dominant processes (Jacobson, 1997). 

 

2.5

eng et al. 1998; 

Pirjola and Kulmala 2000; Lehtinen and Kulmala 2003).  Most commonly this approach 

sets aside a number of bins having an upper and lower diameter limit.   

.2.5 Modelling the Aerosol Distribution 

 

Model representation of aerosol distributions can include size sectioning techniques 

or continuous functions.  Size sectional (or ‘bin’) modelling has covered the various 

aerosol modes (nucleation, ultra-fine, accumulation and coarse), aerosol types (dust, 

SOA, primary etc.) and size ranges using from one to thousands of size sections (Pandis 

et al. 1993; Binkowski and Shankar 1995; Bowman et al. 1997; M
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Figure 2.5, Example of Two Different Aerosol Size Distributions; One Represented 
as a Log-Normal Distribution, the other a Size-Sectional Distribution 
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The log-normal function (2.31) is also regularly applied to represent each of the 

aerosol modes (Binkowski and Shankar 1995; Binkowski 1999).  Within these limits all 

particles are assumed to have a diameter equivalent to the mid point of the upper and 

lower limits.  Using this method, the distribution is described by a log-normal shape and 

the log-normal parameters of (2.31). 
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where N is the particle number concentration, D the particle diameter, Dg the 

geometric mean diameter and σ  the geometric standard deviation of the distribution. 

 

Meng et al. (1998) used the size-section method, using 8 bins covering the nucleation 

through to coarse modes.  Pandis (1993) used ten size sections up to 10 µm for a SOA 

model which included primary aerosol.  Bowman (1997) used thirty nine sections in a 

SOA model, twenty three for existing aerosol, fifteen for the nucleation mode and one as 

a mass tracer bin.  Pirjola and Kulmala (2000) used just four size sections (dedicated 

nucleation, ultra-fine, accumulation and coarse modes) in order to study aerosol 

dynamics.  An example of two different aerosol size distributions, one represented as a 

log-normal distribution and the other a size-sectional distribution, is given in Figure 2.5. 

 

The size sectional approach can vary depending on the requirements of the model.  

Jacobson (1997) defined these approaches.  The ‘full-stationary size-section method’ 

(2.31)

g
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uses bins that have an initially defined lower and upper diameter limit while the aerosols 

have a fixed composition and volume.  Particles are allowed to grow to their exact sizes 

but when they are assigned to a bin having a diameter range and fixed mid point 

diameter, this exact size is forgotten introducing loss of numerical accuracy, called 

numerical diffusion (Jacobson 1997).  The ‘full moving size section method’ eliminates 

diffusion by allowing particles to grow to, and remain at, their exact sizes.  When this 

method is applied to multi-dimensional models each model cell will contain unique 

aerosol size sections.  When different cells interact and are averaged numerical diffusion 

will occur.  This method was used by Pandis et al. (1993) using twenty six size sections.  

Jacobson (1997) developed a hybrid of the two methods by fixing bin edges but 

allowing the mean diameter within the bin to move.  The ‘moving centre size-structure 

me

ssible and because of this is 

computational intensive.  The size sectional method used is dependent on what level of 

numerical conservation is required within the model.   

 

thod’ conserves number and volume aspects of the aerosol distribution.   

 

Lurmann et al. (1997) used a variation of the full moving size section method, by 

allowing full particle growth to occur while interpolating to a fixed size section pattern 

at the end of each time step.  Moldanova and Ljungstrom (2000) conserved both mass 

and number concentration by predicting all dynamical aspects in mass form.  In a recent 

study by Lehtinen and Kulmala (2003) diffusion was removed entirely by having size 

sections at a molecular resolution (i.e. each successive bin of larger diameter contained 

just one additional molecules of SOA species).  This method provides the ultimate 

resolution with the maximum amount of bins po
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2.5.2.6 Other Dynamical Effects 

 

Several other processes affect the dynamics of an aerosol population including 

sedimentation, deposition and large scale transport (Jacobson 1997).  Transport and 

deposition effects on aerosol dynamics results from the properties of the aerosol and also 

the meteorological effects that depend on the predictions of the partner meteorological 

model being used.  Sedimentation is modelled by calculating sedimentation velocities 

based on assumed aerosol properties and fall rate parameters such as air pressure and 

temperature.  These effects, although significant to the evolution of aerosol populations, 

do not comprise the dominant effects for SOA dynamics, or are primarily dependent on 

the predictions of the parent model (e.g. regional mass transport model). 

 

2.5.3. Current Regional and Global Models 

 

Most global and regional models use simplified methods to estimate SOA as part of 

global OC aerosol.  OC aerosol contains both primary and secondary species and the 

quantity of the secondary species is dependent on VOC oxidation and is intrinsically 

linked to the VOC inventory used.  The choice of inventory and parameterisations of the 

SOA (or OC aerosol) model will be dependent on the restrictions of the model and will 

determine the quality of aerosol modelling. 

 

The International Panel for Climate Change (IPCC) 2001 report (Houghton et al. 

2001, pp190-194) published aerosol modelling comparisons using a series of global 
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circulation and chemical transport models.  Of the eleven participating models, seven 

estimated OC aerosol to some degree, using the most common methods of OC aerosol 

modelling.  These, and other regional models (discussed below) utilise a standard VOC 

emissions inventory and simplified aerosol modelling methods (including SOA).   

 

The GRANTOUR model (Liousse et al. 1996) uses a particulate inventory developed 

from various sources and parameterisations (e.g.  emission rates from biomass burning 

experiments) to model the transport of the aerosol load.  SOA yield from biogenic 

sources was assigned a value of 5 % (by mass) of the global estimate of α- and β-pinene.  

This value is based on estimates of aerosol yield from various publications (0.1 - 8 % by 

mass of precursor, Liousse et al. 1996, and references therein).  Anthropogenic SOA 

was related to the quantity of EC aerosol produced from anthropogenic sources.   

 

Penner et al. (2002) summarised the conditions and parameterisations of four models 

(ULAQ, GISS, CCM1, ECHAM / GRANTOUR) containing all aerosol types.  All 

models used the VOC inventory and ‘SOA from terpene’ estimate of 14.4 Tg yr-1 

derived from the inventory of Guenther et al. (1995).   

 

Another model containing some form of SOA estimation is the GOCART model 

(Chin 2002) where production of OC aerosol is taken from ‘terrestrial sources’ and is 

derived from the emission of VOC, provided by the inventory of Guenther et al. (1995).  

A regional SOA model produced by Schell et al. (2000) (not one of the IPCC models) 

utilised European VOC inventories, a gas-phase chemical mechanism and both non-
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interacting SOA (bulk yield method) and interacting SOA (partitioning theory) to predict 

the production of SOA for each species.  In this model, nine surrogate species 

potentially form SOA and assumptions were required regarding the molecular weight, 

saturation vapour pressure and enthalpy of vaporization of these surrogates.   

 

More recently the partitioning theory has been developed to consider both 

hydrophobic and hydrophilic organic components partitioning to existing aerosol and 

applied into the CIT regional chemistry and transport model and used in comparisons 

with data from the South Coast air Basin of California data (Griffin et al. 2002a; Griffin 

et al. 2002b; Pun et al. 2002; Griffin et al. 2003).  (Tsigaridis and Kanakidou 2003) 

incorporated the partitioning method into a global chemical transport model which 

included CBM gas phase chemistry, equilibrium absorptive partitioning (2.19), wet and 

dry deposition and hydrophobic – hydrophilic aerosol ageing.  The results of the model 

were analysed for the major uncertainties of the SOA modelling technique including 

temperature, secondary oxidation of VOC products and activity coefficients of the SOA 

phase (refer to section 2.2.2.2).  Chung and Seinfeld (2002) also implemented a 

partitioning SOA model into the Goddard Institute for Space Studies General Circulation 

Model II-prime in conjunction with a suite of carbonaceous aerosol modules.  

 

More detailed models of SOA formation have been developed.  Bowman et al. (1997) 

developed a dynamical model that used existing aerosol profiles and the absorptive 

partitioning model of Odum et al. (1996).  They did include a nucleation module using 

the classical nucleation theory, followed by the partitioning theory, although the only 
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results presented were specific to two m-xylene smog chamber experiments that used a 

seed aerosol.  It also appeared as though coagulation and effects of particle surface 

curvature (Kelvin effect) were not considered.   

 

Moldanova and Ljungstrom (2000) used the classical nucleation theory in a model for 

SOA formation from NO3
. oxidation of monoterpenes (α-pinene, β-pinene and ∆-

carene).  The nucleation parameters, including surface tension, molecular weight, 

density, equilibrium pressure and nucleating mass were tuned to match nucleation rates.  

This model included coagulation in the form of a volume rate dynamic equation.  The 

Kelvin effect was also considered.  The model appeared to be specific to terpene 

oxidation, especially in fine tuning of the model parameters.  Resulting dynamical 

modelling was limited to one experimental versus model profile (number concentration 

versus diameter) per experiment, with no statistical evaluation of model performance 

available.   

 

Wang et al. (1992b) developed an SOA dynamics model using the general dynamic 

equation to predict total particle number concentration, particle size distributions and 

some dynamical statistics, such as median diameter.  This model utilised a more detailed 

scheme to model the dynamical effect which included the classical homogenous 

nucleation theory.  This method appeared to model the nucleation events well.  Meng et 

al. (1998) developed a size and chemically resolved aerosol model that included a 

partitioning model for SOA.  The growth occurred over eight size sections and included 

inorganic and EC aerosol.  The MULTIMONO model of Pirjola and Kulmala (2000) 
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included organic vapour condensation while the method of mass determination was not 

discussed.  Pandis et al. (1993) used bulk aerosol yields in studying SOA formation and 

transport over Southern California and used condensational rate determinations for SOA 

growth onto primary aerosol.  This model included gas-phase chemistry, aerosol 

thermodynamics and deposition.  Coagulation was not considered.   

 

Lehtinen and Kulmala (2003) used an improvement to standard condensation 

methods to model, at molecular level resolution, the nucleation and growth of SOA 

observed over boreal forests.  The study focussed on the accurate prediction of SOA 

dynamics, including elimination of numerical diffusion, although the computational 

expense of such a model makes it impractical for large scale applications. 
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3 Experimental Procedure / Data Processing / Statistical Analyses 

 

Chapter Three 

 

Experimental Procedure / Data Processing / Statistical 

Analyses 
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3.1.  Chamber Facility 

 

Experimental data used throughout this thesis (Table 3.1) was obtained from 

experiments performed in two indoor chamber facilities.  All experiments labelled 

‘S****’, were conducted in the smog chamber facility of the Commonwealth Scientific 

and Industrial Research Organisation (CSIRO), located at North Ryde, Sydney, 

Australia.  Four experiment series were conducted in this chamber; ‘S4***’, ‘S5***’, 

‘S6***’ and ‘S7***’.  Chamber description, preparation and general use, including 

instrumentation, are described by Angove et al. (2000).   

 

The CSIRO facility is an 18.0 m3 Teflon chamber with a radiation source (two banks 

of forty × 36-watt Sylvania blacklight tubes) mounted between Teflon and reflective 

aluminium sheeting.  A wavelength range of 290 nm to 385 nm can be achieved with a 

working intensity of 55 ± 5 W m-2.   

 

The CSIRO chamber, used to conduct SOA experiments ‘S4***’, ‘S5***’ and 

‘S7***’, used a controlled injection system for the gaseous and liquid precursors.  The 

liquid precursor is injected into a heated block where it is evaporated into a purified 

(zero) air stream and blown into the chamber.  Gaseous precursors are injected directly 

into the chamber via this zero air stream.  Sampling was undertaken through Teflon and 

stainless steel sampling ports.  NOX species (NO, NO2, HONO, HNO3) were measured 

using a chemiluminescence NOX analyser; ozone was measured using a Model 400 

Ozone analyser; hydrocarbon analysis was carried out with a TNMH 462 thermal 
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conductivity detector.  Samples were also collected at selected intervals for VOC and 

carbonyl analyses by gas chromatography and high performance liquid chromatography 

respectively. 

 

The experiments labelled ‘B1***’ and ‘B2***’ were performed in the chamber 

facility of the Environmental Aerosol Laboratory (EAL) at the Queensland University of 

Technology (QUT), Brisbane, Australia.  The QUT-EAL chamber is an indoor, 3.00 m3, 

painted particle-board chamber.  This chamber was scrubbed and then purged with 

HEPA filtered air for 24 hours prior to commencement of each experiment series.  The 

chamber was purged with HEPA filtered air for a minimum of 3 hours prior to each 

experiment. 

 

The ‘S6***’, ‘B1***’ and ‘B2***’ coagulation experiments used aerosol generated 

from a sodium chloride solution (50 – 70 mg L-1 NaCl(aq)) in a TSI model 3475 

Condensation Mono-Disperse Aerosol Generator operating at 2.5 Bar input pressure.  

The generated aerosol was injected continuously for various time periods.  Aerosol 

mixing in the CSIRO chamber was achieved using the movement of the Teflon walls as 

a result of the flow of cooling air between the chamber wall and Teflon sheeting.  

During the ‘B1***’ and ‘B2***’ experiments airflow was controlled to provide gentle 

circulation using a fan within the chamber.  Mixing time scales for these chambers were 

not recorded. 

 

Particle number concentrations were sampled in all experiment series through 

stainless steel sampling ports connected to a variety of particle analysers (discussed 
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below).  Particle mass concentrations were determined assuming particle sphericity and 

unit density. 

The ‘S4***’ series of experiments used two SMPS instruments simultaneously to 

measure SOA.  The first was a TSI Model 3071a particle sizer running in under-pressure 

mode using a 0.0508 cm impactor with 2.50 L min-1 sheath air and 0.25 L min-1 sample 

air, with a TSI Model 3022 condensation particle counter (CPC) set on low flow.  The 

diameter range for this instrument was 19 – 700 nm.  The second SMPS was a TSI 

Model 3080 running a short DMA (Model 3085) using a 0.0457 cm impactor with 

6.00 L min-1 sheath air and 0.60 L min-1 sample air, with a TSI Model 3025 CPC set on 

high flow.  This SMPS covered a smaller range of smaller diameters (3 – 100 nm).  All 

SMPS systems operated on a 120 second up-scan and a 60 second down-scan.   

 

Aerosol was measured in the’S5***’ and ‘S6***’ experiments using a TSI 

Model 3071a SMPS with a 0.0457 cm impactor and 5.00 L min-1 sheath air and 

0.50 L min-1 sample air, with a TSI Model 3010 CPC set on high flow operating on a 

120 second up-scan and a 60 second down-scan.  The ‘S7***’ experiments used a TSI 

Model 3030 Electrical Aerosol Size Analyser to measure SOA volume concentrations.  

The electrical analyzer operates at a fixed sample flow of 4 L min-1 and measures in ten 

broad steps from 3.2 nm to 1000 nm.  The ‘B1***’ and ‘B2***’ experiments used a TSI 

Model 3071a SMPS using a 0.0508 cm impactor with 3.00 L min-1 sheath air and 

0.30 L min-1 sample air, with a TSI Model 3022a CPC set on low flow operating on a 

120 second up-scan and a 60 second down-scan. 
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Table 3.1, Concentration and other Chamber Data for All Experiments Conducted 

Exp.  

ID 

Toluene 

(ppb) 

m-Xylene 

(ppb) 

Propene(P) 

or 

Butene(B) 

(ppb) 

NO 

(ppb) 

NO2 

(ppb) 

Relative 

Humidity 

(%) 

NaCl 

Injection 

Time 

(Minutes) 

Experiment 

Duration 

(Minutes) 

S4E01 - - 103 P 88 3 5 - 360 

S4E02 492 - - 94 - 5 - 177 

S4E03 61 - - 101 - 5 - 355 

S4E04 86 - - 197 4 5 - 351 

S4E05 82 - 100 P 95 2 5 - 360 

S4E06 - - - 32 394 5 - 318 

S4E07 - - 244 P 100 - 5 - 300 

S4E08 - 88 - 95 2 5 - 255 

S4E09 - 88 113 P 102 2 5   

       -  

S5E01 - - - - - 5 - 74 

S5E02 - - 308 P 94 2 25 - 370 

S5E03 - - 509 P 94.5 3.5 25 - 300 

S5E04 - 101 - 94 5 25 - 236 

S5E05 - 101  192 4 25 - 300 

S5E06 98 - - 98 5 50 - 222 

S5E07 - 97 - 194.5 7.5 50 - 223 

S5E08   319 B 94 2.5 25 - 240 

S5E09 198 - - 100 0.5 25 - 112 

S5E10 92 82 - 203.5 5 25 - 117 

       -  

S6E01 - - - - - 5 601 134 

S6E02 - - - - - 5 601 123 

         

S7E01 - - 133P 101 - 5 - - 

S7E02 44 -  99 - 5 - - 

S7E03 53 - 110P 98 - 5 - - 

         

B1E01 - - - - - 56.2 201 115 

B1E02 - - - - - 30.5 101 203 

B1E03 - - - - - 41.7 201 105 
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B1E04 - - - - - 57.1 101 185 

B1E05 - - - - - 56.7 451 134 

B1E06 - - - - - 59.2 301 120 

B1E07 - - - - - 61.3 201 259 

         

B2E01a - - - - - 67.1 751 101 

B2E01b - - - - - 67.1 751 138 

B2E04a - - - - - 66.0 401 57 

B2E04b - - - - - 66.0 401 57 

B2E05a - - - - - 70.3 1331 57 

B2E05b - - - - - 70.3 1331 57 

B2E06a - - - - - 71.1 1352 57 

B2E06b - - - - - 71.1 1352 57 

B2E07 - - - - - 78.1 15.52 87 

B2E08 - - - - - 74.5 112 90 

         
1 50 mg L-1 NaCl  
2 70 mg L-1 NaCl 
NB.  Experiments B2E02 and B2E03 did not produce any data ∴ not included. 
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3.2. Data Processing 

 

Processing of experimental aerosol data was required before use.  A SMPS data pre-

processing program was developed (SMPSPREP) to allow data smoothing, removal of 

entrained particles, removal of a background distribution or merging of paired aerosol 

distributions. 

 

A second program (SMPSPROC) was developed to process the data files from 

SMPSPREP into three formats ready for spreadsheet import; raw data, ‘continuous’ data 

and statistics of the experimental distributions.  These data preparation and processing 

tools are described below. 

 

3.2.1. Data Preparation: Smoothing 

 

A unique smoother was applied to the experimental data.  The SMPS instrumentation 

presents the data as bins with exponentially increasing bin widths.  Linear smoothing of 

these raw bins would give larger weighting to adjacent bins at higher diameters, so a 

weighting is introduced to account for this.  The weighting is proportional to the ratio 

between the adjacent bin widths.  In the seven-point smoothing routine the middle data 

point is used as the reference and the adjacent bins are normalised according to the ratio 

by multiplying the number concentrations of the three points below by the ratio, the 
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square of the ratio and cube of the ratio respectively.  The number concentrations of the 

three points above the central point are divided by the same factors.   

 

The seven-point smoother itself is weighted (2:4:8:16:8:4:2), which allows the user to 

assign a higher importance to the middle point (which is being smoothed) than the three 

points above and below.  All experimental data sets were smoothed using a seven-point 

log-adjusted “2:4:8:16:8:4:2” - weighted smoother.   

 

 

 

 

Figure 3.1, Plot of Number and Volume Concentrations Showing Entrained 
Particle Effect. 
Insert plot shows the “large diameter / small number concentration” 
entrained particles. 
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3.2.2. Data Preparation: Entrained Particles 

 

SMPS instrumentation can suffer from particle entrainment, where some particles are 

caught outside the laminar flow of sampling air.  These particles can eventually be 

flushed out and detected as a particle with much higher diameter.  Only one or two may 

be detected but when the distribution is converted to volume or mass these large 

diameter particles can dominate the distribution.  This effect can be seen in Figure 3.1, 

which shows a particle number and volume concentration distribution from 1 - 700 nm.  

The bulk of particle numbers occur at low diameters with no particle numbers 

observable at the higher diameters.  When distributions, such as those shown in Figure 

3.1, are converted to a volume distribution, a large contribution from the small number 

of particles that actually did occur at higher diameters results (Figure 3.1 inset plot).  

SMPSPREP contains a method of removing these particles, by setting to zero any counts 

less than a user defined threshold.  Usually, only bins containing two or three particles 

are set to zero, which has a negligible effect on the real particle distribution but does 

remove the entrainment problem.  These higher diameter particles may be a natural part 

of the system being studied.  It is a user decision as to whether they are entrained 

particles and need to be removed. 

 

3.2.3. Data Preparation: Combining and Scaling 

 

Combining and scaling data sets are required when two instruments are used to 

measure SOA in the same chamber experiments.  The output of both instruments over a 

93 



Secondary Organic Atmospheric Aerosols                                                                                  Daniel A Lack 

common size range should theoretically give identical results over this range.  The 

common range of data from each instrument at common times within the experiments is 

compared and, if one distribution is lower than the other, the data from the instrument 

measuring low is scaled up to the other (because phantom particles cannot be measured 

by the instrument whereas some particles may not get measured).  In the event of this 

measurement discrepancy the lower distribution is scaled up to adjust the data so that the 

unique data section of each instrument was combined with the common data.   

 

If scaling is required the particle number concentrations of the common diameter bins 

are regressed against one another.  Scaling would not be carried out if the regression 

slope is unity.  If the slope is greater than unity, each bin in the ‘X’ data set is scaled up 

by the value of the slope (which is a scaling ratio).  If the slope is less than one the ‘Y’ 

data set is scaled up by the inverse of the value of the slope.  This procedure is carried 

out for each pair of instrument data that has corresponding instrument times.  The data 

from the instrument with the widest diameter range data (e.g.  19 – 700 nm), whether 

being scaled or not, is always used.  Of the low range data (e.g.  3 - 100 nm) only the 3 –

 19 nm section is used.  The low range data are noisier than the high range and so high-

range data are more reliable.  The two data files can also be combined without scaling.   

 

The data scaling component was applied to 8 experiments only with scaling factors 

ranging from 0.95 to 1.09 indicating a ± % 9 possible variation in the scaled data. 
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3.2.4. Data Processing: Raw Data 

 

Raw experimental aerosol data consist of bin-edge diameters and particle number 

concentrations.  Bin-edge diameters, taken directly from the SMPS output file, are used 

to calculate the geometric mid point diameter of each bin (3.1): 

 

( )2Diameter  EdgeBin      1Diameter  EdgeBin  Diameter MP ×=  (3.1) 

 

The volume and surface area per bin (assuming a spherical particle) are calculated 

from the particle number concentrations and the corresponding mid-point diameters of 

each bin.  The mass per bin is calculated assuming a particle density of unity.  These 

calculated parameters are combined with the original data into the ‘raw data’ processed 

file. 

 

3.2.5. Data Processing: Continuous Data 

 

The raw aerosol data can be transformed into a ‘continuous’ or ‘dN (cm-

3) / dDp (nm)’ format by dividing the particle numbers, area, volume and mass by the 

corresponding bin width.  This transforms the data into values per unit diameter and is a 

standard for reporting aerosol data. 
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3.2.6. Data Processing: Statistics 

 

Statistics for each data file are calculated based on the raw data.  The following 

statistics are calculated for each experiment or model time step: 

 

• Sum of particle number concentration over all bins; 

• Sum of volume concentration over all bins; 

• Sum of surface area concentration over all bins; 

• Sum of mass concentration over all bins; 

• Count Mean Diameter (MD) (3.2): arithmetic mean diameter of the particle 

number population. 

• Count Median Diameter (CMD) (3.3): the diameter at which one half of the 

distribution of particle numbers lies below and above 

• Geometric Standard Deviation (GSD) (3.4): the “ratio of the diameter 

below which 84.1 % of the particles lie to the MD” (Seinfeld and Pandis 

1998, p423).  For a monodisperse aerosol population the GSD is 1.   

• Surface Median Diameter (SMD) (3.5): the diameter at which one half of 

the distribution of surface area lies below and above. 

• Volume Median Diameter (VMD) (3.6): the diameter at which one half of 

the distribution of volume lies below and above. 
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The method of calculating the mean and median diameters and geometric standard 

deviation are given by (3.2) to (3.6), where NP is the particle number concentration 

within a bin.   

Count Mean Diameter (MD): 
 

∑
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3.3. Statistical Analysis (contribution by Natalie Leishman and Daniel Lack) 

 

Model performance can be evaluated using “observed (Oi) versus predicted (Pi) data 

pairs” for all experiment and model outputs using the analysis techniques outlined by 

Willmott (1981).  Mean and standard deviations (3.7), (3.8), (3.9), (3.10) as well as the 

unsystematic (RMSE_U, (3.13)) and systematic (RMSE_S, (3.14)) and components of 

the Root Mean Square Error (RMSE, (3.12)) were calculated from the modelled and 

experimental data.  Low RMSE values indicate that the model is explaining most of the 

variation in the observations.  If the model is unbiased, RMSE_S should approach 0.0 

and RMSE_U should be close to RMSE.  Systematic RMSE is comprised of three types 

of systematic RMSE.  Additive RMSE (RMSE_A, (3.15)) results “from a constant over 

or under prediction of the observed values” (Willmott 1981, p188).  Proportional RMSE 

(RMSE_P, (3.16)) is an indication of a consistent rate of change of over or under 

prediction.  RMSE_A and RMSE_P are linked via an inter-dependent RMSE (RMSE_I, 

(3.17)).  The index of agreement (IOA, (3.18)) is a measure of how well the difference 

between the predicated data and the observed mean match the difference between the 

observed data and the observed mean.  The IOA is deemed to be a better representation 

of fit than the correlation coefficient (R, (3.11)).   
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Measures of variational skill were also used according to the predictive SKILL 

methods of Pielke (1984): 

 

a) A model is predicting with skill if the standard deviations of the predictions 

and observations are approximately the same.   

Ostd
PstdVKILL =_ , SKILL_V (3.20) should = 1 where PS

std

std is the 

standard deviation of the modelled data and O  is the 

standard deviation of the observed data. 

 

b) A model is predicting with skill if RMSE is less than the standard deviation of 

the observations. 

Ostd
RMSERSKILL =_ , SKILL_R (3.21) should be less than 1, where 

RMSE is the root mean square error and O  is the standard 

deviation of the observed data. 

std
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Statistics were calculated as follows: 
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Root Mean Square Error:
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Systematic Root Mean Square Error: 
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Additive Systematic Root Mean Square Error:  
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Interdependent Root Mean Square Error:
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SKILL_E:
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SKILL_V: 
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SKILL_R: 

 

stdP
SRMSEURMSERSKILL ___ +

=  

(3.21) 

  
wh e: 
 N  is the number of observations / predictions 
 O  is the Observed data 
 P  is the Predicted data 

is the linear regression fitted formula with intercept a and slope b. 

 er

P̂  
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4 The Effect of Propene on Secondary Organic Aerosol Formation from 

Aromatic Hydrocarbons 

Chapter Four 

 

The Effect of Propene on Secondary Organic Aerosol 

Formation from Aromatic Hydrocarbons 
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4.1. Introduction 

 

Replication of the chemical processes in a mixed atmosphere and the use of mixtures 

of precursors within controlled chamber environments play important roles in the study 

of atmospheric chemistry and the atmospheric gaseous and particulate phase, as 

discussed in section 2.4.1.   

 

The SOA mass modelling methods (and the parameters used within) that are most 

commonly used in local, regional and global scale modelling (e.g. bulk and partitioning 

methods) are developed using single VOC chamber experiments.  Not only are these 

methods developed on single VOC systems, they do not consider the effect of the range 

of oxidant concentrations (O3, OH., NO3
.) possible.  This application assumes that yields 

determined for a single VOC are additive across VOC mixtures and do not vary as 

relative oxidant concentrations change. 

 

Eight chamber experiments, designed to investigate the effect of propene on SOA 

formation from toluene and m-xylene, were conducted.  This study focused on the 

comparison between these experiments conducted and the methods of representing SOA 

yield.  These methods do not directly consider the mechanistic effect of mixtures of 

VOC or oxidant regimes, although it has been found (refer to section 2.4.1.2) that SOA 

products vary as NOX levels change and additivity of SOA yields, although assumed, is 

not assured.  The results of this study challenge this assumption of additivity further 
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which presents these methods as deficient in not considering the more complicated 

mechanistic effect of mixed VOC systems and variable oxidant regimes. 

 

This Chapter presents comparisons between experimental bulk and partitioning yields 

and qualitatively compares to these theories.  A brief qualitative study using an explicit 

chemical mechanism is also presented as an initial investigation into the complicated gas 

phase chemistry that dominates SOA formation. 

 

4.2. Experimental 

 

The eight experiments used in this investigation were conducted in the CSIRO smog 

chambers (see chamber discussion in section 3.1) over two experiment series (S4 and 

S7).  The experiment conditions are provided in Table 4.1, while other details for these 

experiments are provided in section 3.1.  Tighter controls to minimise chamber 

contamination were applied to one of the experiment series (‘S7E0*’).  This included 

improved air purification system, cryogenic trapping to remove impurities within the 

propene gas and renewal of sampling and injection lines.  The intensity of the light 

source in these ‘S7E0*’ experiments was about 25 % less than the ‘S4E0*’ experiment 

series.  VOC analysis was not performed in the ‘S7E0*’ series. 
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Table 4.1, Smog Chamber Experiments Investigating Effect of Mixed Precursors 
on SOA Formation 

 

Experiment System Label NO  

(ppb) 

Propene 

(ppb) 

Toluene  

(ppb) 

m-Xylene 

(ppb) 

S4E01 Propene 1 88 103 - - 

S4E03 Toluene 1 – single 94 - 61 - 

S4E05 Toluene 1 – mixed 95 100 82 - 

S4E08 Xylene –single 95 - - 88 

S4E09 Xylene – mixed 102 113 - 88 

S7E01 Propene 2 101 113 - - 

S7E02 Toluene2 – single 99 - 44 - 

S7E03 Toluene2 – mixed 98 110 53 - 

 

 

4.3. The Effect of Propene 

 

Propene, having an SOA potential of zero, is used in smog chamber experiments to 

speed up the rate of reaction of the organic precursor of interest.  In most published 

studies of SOA formation, propene is introduced to increase the rate of the chemical 

reactions system (Wang et al. 1992b; Hurley et al. 2001; Jang and Kamens 2001).  The 

accepted reasoning behind the increase in chamber reactivity is through the earlier 

production of hydroxyl radicals.  The overall mechanistic effect of propene has not been 

documented well.  The gas phase processes that lead to increased reactivity and earlier 

production of hydroxyl radicals in a mixed system were investigated.  The following 
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reactions show this process in the toluene/propene and m-xylene/propene systems 

(Atkinson and Aschmann 1993).   

 

As the concentration of ozone stabilises in the chamber due to the steady state 

established by (2.1), (2.2) and (2.3), the introduction of organic species (e.g.  propene) 

provides an alternative reaction pathway for O(3P), O3 and NO2 to react.  Propene 

ozonolysis (4.1) produces criegee bi-radicals that dissociate to produce HO2
.  and HO..  

HO.  addition (4.3) and abstraction (4.4) reactions with toluene produce secondary 

products which are consumed by the reaction with NO (4.5) (to produce NO2) and the 

reaction with O2 (4.6) (to produce HO2
.).  The HO.  addition reaction with m-xylene (4.7) 

produces a secondary organic that can react further (4.8), (4.9), (4.10), to produce HO2
.  

and other secondary organics.  The pool of HO2
.  radicals react to form HO.  (4.11), 

(4.12) and NO2 (4.11).   

)(3
2 PONOhNO +→+ υ  

MOMOPO +→++ 32
3 )(  

223 ONONOO +→+  

(2.1) 

(2.2) 

(2.3)

+ O 3
O

O . + O
O . + O

HO 2 , OH . HO 2, OH .

+
O

OH . OH .  
                                                        

(4.1) 

Organics Secondary   +  

+ 

O
.O

OHOH .+ 

OH

O
O.

 
                                                                 

(4.2) 

   Organics Secondary   
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+ OH.

OO.

OH

H

H.

 

(4.3) 

(4.4) 

O.

NO+ 

OO.

+ NO2

 

(4.5) 

+ O2

oo..
HO2+ 

. H
OH

H
 

(4.6) 

+ OH.
OH

H
.

 

(4.7) 
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OH

NO2

+ O2
+     HO 2

+ O2

+ NO2
+     H2O

. OH

H

OH

H
OO.

+ NO

+     HO 2

Secondary Organics

 

(4.8) 

(4.10) 

(4.11) 

(4.9) 

2
.

2 NOOHNOHO +→+  

232 OOHOHO +→+  (4.12) .

Products (PAN) Nitrate AcylPeroxy .
3 →+ NO  

(4.13) 

etc.) HO (OH,                                                                          2
 (4.14) Reactivity  System  Increased Organics Secondary   and  Radicals →→

 

 

Reaction (4.11) is the key to increased reactivity due to the production of double 

reaction potential produced from one molecule of HO2
..  Not only is the HO2

.  radical 

replaced with a HO.  radical but NO2 is produced, which returns to the steady state 

system to produce ozone (2.1), (2.2), (2.3).  In mixed systems the effect of the addition 
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of propene is to advance radical production.  The rate of aromatic reactions increase, 

which advances the (4.1), (4.2) and (4.13) reaction channels leading to the early 

production of hydroxyl radicals responsible for the increase system reactivity. 
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4.4. Results 

 

4.4.1. Gas Phase 

 

The addition of propene to toluene and m-xylene systems is expected to increase the 

rate of ozone and NO2 production and increase the consumption rate of NO (section 

2.4.1.2).  The addition of ~ 100 ppb of propene in the experiments conducted in this 

study gives this expected change, as shown in Figure 4.1 and Figure 4.2.  The increase in 

both the tolu

consumption not appear to change 

sign icantly ue to the addition of propene (Figure 4.3). 

4.4.2. Aero

 

SOA mass was calculated from the aerosol size - number concentration distributions 

assuming a spherical particle and unit density.  SOA mass formation within the 

experiments revealed a delay in SOA nucleation and a reduced rate of SOA formation in 

the mixed systems compared with the single systems (Figure 4.4).  This is addressed in 

more detail in the following section. 

system reactivity results in a significant increase in the rate of propene consumption in 

ene and m-xylene mixed systems, as shown in Figure 4.3.  The rate of 

of the SOA forming VOCs (toluene and m-xylene) do  

if  d

 

sol-Phase 
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Figure 4.1, Experimental Ozone Concentrations, Toluene 1, Toluene 2 and m-
Xylene. 
The expected increase in reactivity due to the addition of propene is 
seen as an earlier and larger production of ozone. 
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Figure 4.2, Experimental NO and NO2 Concentrations, Toluene 1, Toluene 2 and 
m-Xylene 
The reactivity change due to the addition of propene is confirmed by 
larger production of NO2 and faster consumption of NO. 
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Consumption of SOA-forming precursors does not appear to be 
changed due to the addition of propene. 

 

 

Figure 4.3, Experimental Toluene, m-Xylene and Propene Concentrations 

Systems. 
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Figure 4.4, Experimental SOA Mass Concentrations, Toluene 1, Toluene 2 and m-

Appearance of SOA mass is delayed and the forming process is 
Xylene 

suppressed due to the addition of propene. 
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4.5. Analysis 

 

4.5

mbers (nucleation) in the single 

and mixed systems),  Toluene 2 (experiments S7E01, S7E02 and S7E03) was delayed by 

100 minutes and m-xylene (experiments S4E01, S4E08 and S4E09) was delayed by 10 

minutes.   

 

4.5.2. Bulk Yield 

 

In this work, the bulk yield method was used to calculate SOA bulk yields for the 

systems under investigation. This method, described in section 2.4, is usually applied 

across an entire experiment to determine a single yield. In contrast to this standard 

application the bulk yield method was applied throughout each experiment rather than 

being restricted to a single calculation per experiment.  For each experiment, the SOA 

mass profile was divided into a set of endpoints separated by 3 minutes and covering the 

VOC conce i ield values were calculated at each of the 

.1. Time Delay 

 

SOA nucleation events in the mixed system experiments were delayed compared to 

the experiments without propene.  The appearance of SOA mass in the Toluene 1 set of 

experiments (experiments S4E01, S4E03 and S4E05) was delayed by 40 minutes 

(difference between the first appearance of particle nu

whole range of the experiment.  The change in SOA mass concentration (∆Ca,i) and 

∆VOC ) and hence the yntrations (
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endpoints.  In this way each experiment provided bulk yield values over the whole range 

of the experiment. 

 

The bulk yield analysis revealed a major suppression in the SOA yield due to the 

addition of propene to the toluene and m-xylene systems.  In the Toluene 1 system the 

maximum aerosol yield was reduced from 450 to 90 µg m  ppm  after 350 minutes.  

For the m-xylene system the yield was reduced from 325 to 125 µg m-3ppm-1 after 110 

minutes (Figure 4.5).  The delay in nucleation observed in the SOA mass data (Figure 

4.4) is also seen in the bulk yield analysis (Figure 4.5). 
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Figure 4.5, Experimental SOA Bulk Yields, Toluene 1 and m-Xylene 
The delay and suppression effect is confirmed by the bulk yield analysis 
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4.5.3. Gas to Particle Partitioning 

 

The yield of SOA can also be described in terms of the partitioning of the gas-phase 

SOA species to the existing organic aerosol.  Odum et al. (1996) developed the 

partitioning yield method using chamber experiments (2.23) (described in section 2.4).  

 

Partitioning yields were calculated for this study from the experimental data as 

described in section 2.4, although where usually one experiment provides one 

partitioning yi , each experimental data set was divided into subsets, each with 

the same fini ifferent starting times.  Each of the data subsets has a 

different initial aerosol mass (MO) and initial hydrocarbon concentration, even though 

they are derived from the same experiment.  A partitioning yield was calculated from 

each subset providing several yield values per experiment, which were plotted against 

 each subset (Figure 4.6). 

te that the yields shown in Figure 4.6 are an adaptation of the 

accepted method of calculating partitioning yields.  The adapted method was used for 

the

eld datum

shing time but d

the initial SOA mass (MO) of

 

Partitioning yields for the Toluene 1 system show a reduction from 13 % to about 5 % 

SOA from reacted VOC (at the termination of the mixed experiment) while the yields 

for the m-xylene system show a reduction from 13 % to 9 % (Figure 4.6). 

 

It is important to no

 Toluene 1 and m-xylene systems experiments and comparison between these 
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experiments allows this method to be used.  Comparison cannot be made to partitioning 

yield data outside of this study. 
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Figure 4.6, Experimental SOA Partitioning Yields, Toluene 1 and m-Xylene 
Systems 
SOA suppression is confirmed in both systems by this partitioning 
yield analysis. 
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4.5.4. Aerosol Properties 

 

The observed delay and/or suppression of SOA due to the presence of propene can be 

seen in the measured physical properties of the aerosol distributions.  The evolution of 

particle number concentration with time for the mixed systems show delay in the 

nucleation of new particles and overall reduction in the total number concentration of the 

system (Figure 4.7a).  

 

The count median diameter (CMD) of the aerosol distribution is the diameter for 

which half of the total number concentration lies above and below.  The CMD evolution 

is reduced overall across the mixed systems (Figure 4.7b) (both particle number 

m).  

Reductions 

result of fewer particles in the systems.  The CMD results confirm that a suppression 

effect exists. 

concentrations and CMD results were not available for the Toluene 2 syste

in CMD evolution will be due to (in part) the reduced coagulative effect as a 
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Figure 4.7, Experimental [Number] and CMD, Toluene 1 and m-Xylene System 
SOA delay and suppression is manifested by reduced particle number 
production and rate of particle size growth. 

 

4.5.5. Gas-Phase Modelling 

 

The gas-ph ene and m-xylene experiments was modelled 

using the Ma explicit gas-phase mechanism and 

evaluator, developed by Dr Sasha Madronich at the National Centre for Atmospheric 

Research, Colorado (e.g. Madronich and Calvert 1990).  The MM contains a database of 

close to six thousand reactions that is refined to a smaller number to suit the precursors 

being investigated.   

 

ase chemistry of the tolu

ster Mechanism (MM), a combined 
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Figure 4.8, MM Modelled Ozone Concentrations, Toluene 1 and m-Xylene 
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Figure 4.9, MM Modelled NO and NO  Concentrations, Toluene 1 and m-Xylene 

concentrations shown in Figure 4.2 
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Modelled results compare favourably to the experimental 
ntrations shown in Figure 4.3 

 

For the toluene/propene and m-xylene/propene mixtures the MM reduced to about 

eighteen hundred reactions.  Experimental radiation, humidity and temperature were 

used within the MM.  Two scenarios were modelled using the MM; the ‘ideal’ scenario 

modelled used fixed concentrations of 100 ppb for all precursors (dilution, background 

VOC or wall effects not included) while the ‘experimental’ scenario included all 

experimental conditions (actual precursor concentrations, dilution and background 

VOCs).  HO2 radicals (0.00008 ppm min-1 for the first 30 minutes over all 

experiments) was also introduced to represent wall effects in the ‘experimental’ 

scenario.  Modelling results for the concentrations of ozone, NO, NO2 and precursors for 

the ‘experimental’ scenario of the toluene 1 and m-xylene systems compare favourably 

to the experimental results shown in Figure 4.1 - Figure 4.3.  The modelled 

e 4.10, MM 
Toluene 1 and m-Xylene 

conce

 A flux of
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concentrations are shown in Figure 4.8 (ozone), Figure 4.9 (NO, NO2) and Figure 4.10 

(precursor V Cs).  The result of this modelling was then used to investigate possible 

SOA for ies in the single systems and how they behaved due to the addition of 

propene. 

 

Forstner et al. (1997) identified several components of toluene and m-xylene-sourced 

SOA and a selection of the major species identified in that study was modelled using the 

MM.  The gas-phase concentrations in both single and mixed systems for the 

‘experimental’ and ‘ideal’ scenarios are shown in Figure 4.11 and Figure 4.12.  The 

potential S

addition of considered in the gas-phase 

mecha ity of the speci Figure 4.11 and Figure 4.12 could be 

expecte the suppression eff or almost all specie ng the 

‘id MM predicted that the potential SOA gas-phase species 

concentrations in mixed systems would start to appear sooner than the single system.  

When NO was fully consumed concentrations started to decline, some to concentrations 

below the single system but never showing severe suppression as observed 

experimentally.  In the ‘experimental’ scenarios a similar trend exists.  For most species 

a slight delay in the formation in the mixed systems is observed.  When NO was 

consumed in the ‘ideal’ scenario, the rate of formation of these species declined, 

sometimes causing concentrations to drop below the single system concentration.  The 

degree of experimentally observed suppression was not seen in these modelled 

‘experimental’ scenarios.   

O

ming spec

concentration comparison between the single and mixed systems for each of the 

OA species is shown to illustrate how the species is affected due to the 

 propene.  If SOA suppression is already 

nism a major es within 

d to show ect.  F s modelled usi

eal’ scenario the 
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Figure 4.11, Potential SOA Forming Species Modelled by the Master Mechanism 
for Ideal and Actual Toluene Experimental Conditions 
Single systems shown by the dashed line, mixed systems by the bold line. 
IN both ‘ideal’ and ‘experimental’ scenarios potential SOA species are 

pressed by the addition of propene. 
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Figure 4.12, Potential SOA Forming Species Modelled by the Master Mechanism 

Single systems shown by the dashed line, mixed systems by the bold line. 

not suppressed

for Ideal and Actual m – Xylene Experimental Conditions 

IN both ‘ideal’ and ‘experimental’ scenarios potential SOA species are 
 by the addition of propene. 
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Comparisons between the two modelling scenarios (‘ideal’ and ‘experimental’) 

suggest that some of the delay may be due to chamber reactivity and background effects 

while the dramatic suppression is due to some factor not incorporated into the gas-phase 

mechanism. 

 

4.6. Discussion 

 

Experimental results have shown that the introduction of propene to chamber 

reactions of SOA-forming VOCs delays the formation and suppresses the overall yield 

of SOA compared to systems of individual species without propene (SOA potential of 

zero).  This is in contrast to the common application of SOA yields; that the yield of a 

single VOC is additive when the VOCs are mixed.  Reproduction of the findings in a 

second experimental series where great care was taken to preclude contamination tends 

to support the observation as a genuine effect of mixed systems.  Correlations between 

propene concentration and extent of delay and suppression could not be achieved due to 

lack of experimental data.  

 

Differences in precursor concentrations in the pure and the mixed systems (Toluene 1 

and Toluene 2 single systems contained less toluene than in their respective mixed 

systems) can be excluded as the cause of the effect because the concentration differences 

are expected to produce more SOA in the mixed system.   
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In the eight experiments, temperatures ranged from 26 – 32 °C with the mixed 

systems being, on average, 1°C cooler than the single systems.  This temperature 

change, according to a model by Strader et al. (1999), should cause a minor increase in 

SOA yield in the mixed systems, not a decrease as observed.  In all experiments 

humidity was kept constant and extremely low (~ 5%) to obtain results due to the effects 

of the VOC photochemical and SOA formation systems only.  The recent study by Jang 

et al. (2002) raises questions as to whether the acid catalysed hydration of carbonyls or 

formation of acetals could cause a differences in the formation of SOA.  However, the 

differences observed without any known source of acid catalysis in the single systems, 

are far in excess of any observed experimentally.  The small relative humidity of these 

experiments suggests that this carbonyl hydration reaction will not be a contributing 

effect if in fact there is any substantial acid catalysed chemistry taking place.   

ne 1 system and approximately 13 % to 9 % for the 

m- ylene system).  This is in contrast to many studies, including Odum et al. (1997a) 

 

The timing of nucleation, quantity of mass production and bulk yields of SOA all 

change due to the addition of propene (Figure 4.4 and Figure 4.5).  In all VOC systems 

nucleation was delayed by at least ten minutes, while SOA bulk yields were reduced 

from 450 to 90 µg m-3 ppm-1 for the Toluene 1 system and from 325 to 125 µg m-3 ppm-1 

for the m-xylene system.  The rate of consumption of SOA forming hydrocarbon did not 

change between the single and mixed systems (Figure 4.3) suggesting that significantly 

less SOA forms when propene is present even though the same quantity of VOC may 

react in a mixed system.  The partitioning yield data (Figure 4.6) also indicate that 

partitioning of species to existing aerosol is suppressed in the mixed systems 

(approximately 13 % to 5 % for tolue

x
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wh

d systems (Figure 4.3).  In the m-xylene mixed 

system the final SOA mass concentrations are significantly different even though the 

co

 and mixed systems indicates a change to the 

events leading to particle formation.  This nucleation delay is not as significant for the 

m-

particle number concentrations.  Some of the CMD change could also be due to 

o concluded additivity of partitioning yields in a study of SOA formation from a 

complex VOC mix.  

 

The extent of reaction of these systems shows that VOC reactivity of the precursor 

VOCs is similar between single and mixe

ncentrations of VOC are almost identical.  This does not prove that the SOA forming 

potential of the VOC has been lost in the mixed system, as SOA may form from the 

oxidised products if it were allowed to progress further.  These results confirm that the 

SOA formation is at the very least delayed.  If extension of the experiment revealed full 

SOA formation, a delay effect still exists which is of significance where SOA yields are 

applied at times when diurnal temperature and radiation regimes will halt VOC reaction 

and SOA production. 

 

The observed delay in SOA nucleation combined with similar consumption rates of 

toluene and m-xylene in both the single

xylene system.  Despite this, substantial suppression of SOA formation occurs in all 

systems, again indicating a reduction in the quantity of SOA-forming species being 

produced in the gas phase.  The effect of delay and/or suppression is revealed in Figure 

4.7a as a reduction in aerosol numbers, which suggests that the addition of propene 

reduces the number of particles being produced.  This reduction explains some of the 

difference in CMD between the systems, as the coagulation effect is diminished at lower 
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reductions in the condensation/partitioning growth in the mixed systems.  This could not 

be confirmed. 

 

Explicit gas-phase modelling of these experiments accurately predicted the gas-phase 

concentrations of ozone, NO, NO2 and VOC precursors that were observed 

experimentally.  The model showed that potential SOA species within this mechanism 

(Master Mechanism, e.g. Madronich and Calvert 1990) were expected to be formed 

sooner due to the increased system reactivity provided by propene and would therefore 

be expected to lead to a more rapid appearance of SOA.  This indicates that the gas-

phase processes causing the delay and suppression effects are not represented in this 

mechanism.  It is unlikely that this effect is represented in other mechanisms, 

particularly lumped mechanisms, considering explicit mechanisms, such as the MM, are 

used to develop lumped approaches. 

 

Almost all investigations into SOA formation in chambers, and the studies that derive 

bulk or partitioning yield data, used propene to increase the system reactivity (refer to 

section 2.4.1.2 and Pandis et al. 1992; Odum et al. 1996).  These studies assume that this 

addition only affects the rate of chemical reaction and subsequent SOA formation and 

not the chemical processes themselves.   

 

The results of this study suggest that the addition of propene to hydrocarbon SOA 

systems modifies the gas-phase chemistry leading to the formation of potential SOA 

species from toluene and m-xylene; modifications that do not appear to be considered in 

traditional gas-phase mechanisms.  This result increases the uncertainty associated with 
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those bulk and partitioning yield parameters that have been published (e.g. Pandis et al. 

1992; Odum et al. 1996).  Even if these published yields can be used with this level of 

uncertainty, the use of individual VOC SOA yields in systems of mixtures of VOC will 

create even more uncertainty.  This added uncertainty can be proposed in response to the 

observations that the SOA yield of VOCs such as toluene, when combined with propene 

(SOA potential of zero), is suppressed.   

 

The application of this result across a broader range of SOA-forming species and low 

weight alkenes is premature.  Of potential significance are the biogenic systems of α- 

and β- pinene where they may be emitte ese compounds are a 

significant emissions from vegetation (biogenic VOC emissions exceed anthropogenic 

emissions by about 10 to 1, Atkinson et al. 1988) and contribute substantially to SOA 

(Griffin et al. 

biogenic system then  

biogenic SOA formation.   

 

Further study, including a comprehensive experiment series, is necessary to quantify 

the physical suppression/delay effect and elucidate the mechanistic effect within the gas 

phase that is altering the SOA-forming process. 

 

 

d with isoprene.  Th

1999a).  If the same delay/suppression effect is shown to occur in this 

 it is likely that there are large uncertainties in our understanding of
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5 Seasonal Variability of the                       

mmmmmmmmmmmmmFormation of Secondary Organic Aerosol: A Global 

Modelling Study 

Chapter Five 

 

Seasonal Variability of the Formation of Secondary 

Organic Aerosol: A Global Modelling Study 
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5.1. Introduction 

 

An international collaborative project was established between QUT and the 

National Centre for Atmospheric Research (NCAR) that resulted in the work presented 

in this chapter.  Dr Xuexi Tie (xxtie@ucar.edu) of the Atmospheric Chemistry Division 

provided the MOZART-2 m

ethods described in section 2.4 have been 

im

odelling support and some data analysis and plot 

generation.  The remaining work was conducted by Daniel Lack.  The modelling of the 

global distribution of SOA using the NCAR Model for Ozone and Related Chemical 

Tracers - version 2 (MOZART-2) is presented. 

 

The previously unreported uncertainties associated with SOA bulk yield and gas to 

particle partitioning yield modelling, which have been described in Chapter 4 raise 

many concerns regarding the formation process of SOA and the application of these 

modelling techniques.  However, these techniques are still the most appropriate 

methods to model SOA mass.   

 

The bulk and partitioning SOA yield m

plemented into to a global chemical transport model (MOZART-2) in an effort to 

produce spatial and temporal distributions of SOA mass derived from anthropogenic 

and biogenic sources, using the bulk and partitioning SOA yield methods.  Comparisons 

between yield methods and observational data were also carried out.  Methods and 

studies of global SOA mass modelling have been reviewed in section 2.5.3. 
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5.2. Model Description 

 

OZART-2 is built on the framework of the Model of Atmospheric Transport and 

Ch

5.2.1. MOZART-2 (contribution by Xuexi Tie) 

 

MOZART-2 (Model for OZone And Related chemical Tracers, Version 2 Horowitz 

et al. 2002) is a global chemical transport model developed at NCAR to simulate the 

distribution of tropospheric ozone and its precursors on a 2.8 by 2.8 degree horizontal 

resolution.  In its standard configuration, MOZART-2 simulates the concentrations of 

sixty three chemical species from the surface up to the lower stratosphere.  The model 

can use meteorological inputs derived from either a general circulation model or from a 

meteorological reanalysis.  Extensive evaluation of MOZART-2 has been carried out 

via comparison with CMDL (Climate Monitoring and Diagnostics Laboratory) surface 

measurements of CO and O3, global O3 sonde data, and multiple species (including O3, 

CO, NOx, peroxyacyl nitrates (PAN), HNO3, various non-methane hydrocarbons 

(NMHCs), CH2O etc.) from a large number of aircraft field campaigns.   

 

M

emistry (Rasch et al. 1997), and includes representations for advection, convective 

transport, boundary layer mixing, and wet and dry deposition.  Convective mass fluxes 

are re-diagnosed using the Hack et al. (1993) scheme for shallow and mid-level 

convection and the Zhang and McFarlane (1995) scheme for deep convection.  Vertical 

diffusion within the boundary layer is represented using the parameterization of 
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Holtslag and Boville (1993) and the vertical thickness between the surface and first 

model layer is about 100 meters.  MOZART-2 uses the flux-form semi-Lagrangian 

advection scheme of Lin and Rood (1996).  The chemical scheme used in MOZART-2 

is based on that used in MOZART-1 (Brasseur et al. 1998), with updated kinetic 

reactions (Tyndall and Orlando 2002).  The chemical mechanism includes oxidation 

schemes for the NMHCs, ethane, propane, ethene, propene, isoprene, C10H16 (as a 

surrogate for all terpenes), and C4H10 (as a surrogate for all hydrocarbons with four or 

more carbons, excluding isoprene and terpenes).  A detailed representation of NOx – O3 

– NMHC chemistry is included, allowing simulation of the export of reactive nitrogen, 

particularly organic nitrates (such as PANs) from the continental boundary layer to the 

remote troposphere (Horowitz et al. 1998).  Heterogeneous reactions of N2O5 and NO3 

on sulfate aerosols are included in MOZART-2 using prescribed sulfate aerosol 

distribution (Tie 2002b).  Photolysis rates are calculated using a precalculated “lookup” 

table (Brasseur et al. 1998).  NOx from lightning is modelled as 4 TgN yr-1 in the 

louds based on 

the parameterization by Price et al. (1997) with a “C-shaped” vertical profile (Pickering 

et 

s for numerous scientific studies, including data analysis of 

field campaigns and satellite observations, and the impacts of physical and chemical 

processes on tropospheric oxidants and ozone distributions.  Brasseur et al. (1998), 

Hauglustaine et al. (1998) and Horowitz et al. (1998) provide a detailed model 

present day climate, distributed according to the location of convective c

al. 1998).   

 

The MOZART-2 model has been applied by the Atmospheric Chemistry Division at 

NCAR and other institute
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descrip  an

lightning, and aerosols on tropospheric oxidants have also been investigated 

(Hauglustine et al. 1999; Hauglustine et al. 2001; Tie et al. 2001a; Tie et al. 2002a; Tie 

2002b) MO

(Mauzerall et al. 2000), t

tropospheric oxidants (Tie 

data and satellite observati -P, TOPSE and MAPS etc 

(Lamarque et al. 1999; Emmons et al. 2000; Cunnold et al. 2002; Emmons et al. 2002; 

Lamarq and

IPCC assessment (Houghto ). 

 

5.2.2. Secondary Organic Aerosol Model Development 

 

5.2.2.1 Analysis of MOZART-2 Infrastructure for SOA Modelling 

 

The extensive structure of the MOZART-2 model means that the implementation of 

additional processes requires careful analysis of the connected processes.  The 

following aspects of MOZART-2 were investigated in some way for connections to the 

SOA modelling process: 

 

tion d evaluation.  The impacts of biomass burning, NOx production from 

.  ZART-2 has been used to study the ozone budget over east Asia 

he effect of cloud droplets and biogenic methanol on the 

et al. 2003a; Tie et al. 2003b), and analyse field campaign 

ons, such as TRACE-A, TRACE

ue  Hess 2002; Tie 2002b).  MOZART-1 was also used in the most recent 

n et al. 2001
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1. Photochemical reactions:  analysed and adapted to accommodate the 

SOA modules. 

2. Emissions:  VOC emissions analysed for SOA forming species and 

contributions of specific VOCs to the overall SOA yield.  

Global distribution of primary OC aerosol required for 

partitioning modelling method.  

3. Aerosol Deposition and Sink Processes:  Updated to include SOA 

processes. 

4. Aerosol Module:  Bulk and partitioning modules developed and 

 

r of surrogate species exist to simplify the mechanism: ‘ONIT’ 

for organic nitrates, ‘ISOPO2’ for peroxy radicals formed from isoprene oxidation and 

‘C 10’.  C4H10 is a surrogate which represents many different VOCs, not n-butane 

explicitly.  Another VOC reactant in MOZART-2 that contains known SOA forming 

species is C10H16, a surrogate for all terpenes.  Of the one hundred and forty reactions 

 

 

 

implemented. 

5.2.2.2 Photochemical Reactions 

 

The SOA modules for MOZART-2 were developed around the current gas-phase 

mechanism framework employed in the model.  Of the fifty organic species within 

MOZART-2, a numbe

4H
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within MOZART-2 only four are related to potential SOA VOC oxidation directly 

Table 5.2.   

.3 s a

Spa d fluctuate on a 

diurna ission of these 

ie d i le  generali

examp nd ocean sources 

(refer to Table 5.2), which contain many SOA-forming species.   

odelling 

method, is 62 Tg  yr-1, which is at lower end of the estimation of IPCC inventory (55 to 

110 Tg yr-1) 2000 (Hou mary source includes emissions 

iom g ( r-1) and fossil fuel (12 Tg yr he IPC ntor

suggests that there is 0-90 Tg yr-1 of O ased fro genic s. 

ic matter, and s, w

relatively large size in radius (> 1 um).  We do not include these large biogenic particles 

in the current model.  

 

 

 

 

 

5.2.2  Emission nd Aerosol Sink Processes 

 

tial emissions of C10H16 and C4H10 are included in MOZART an

l cycle according to average daily temperatures.  The annual em

spec s is presente n Tab  5.2 broken down according to the zed source.  For 

le, the C4H10 surrogate includes VOC from industrial, biomass a

 

The total primary OC emissions, required for the partitioning SOA m

ghton et al. 2001).  The OC pri

from b ass burnin 50 Tg y -1).  T C inve y also 

C rele m bio activitie  This 

biogenic aerosol consists of plant debris, hum  microbial particle ith a 
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Table 5.1, Primary SOA VOC Reactions 
 

Rxn SOA Precursor Reactions Rate Constant (k)

R-1 C H  + OH → 1.33 C H O 1.55E-11exp(-540/T) 4 10 3 7 2

R-2 C H  + OH → 1.64 ISOPO2  

   + 0.10 CH COCH

1.2E-11exp(444/T) 

R-3 C H  + O  → 1.112 MACR + 0.442 MVK

   + 0.119 C H  + 1.326 CH O

   + 0.323 CO + 0.102 HO

9.90E-16exp(-730/T)

R-4 5.60E-11exp(-650/T) 

 *All four reactions are MOZART surrogate species.  Some reaction rate data are not in  

10 16

   + 0.765 O  + 1.156 OH

 

C10H16 + NO3 → 1.7 ISOPO2 + NO2

accordance with published values for the actual species represented by the molecular formula. 

3 3

10 16 3

3 6 2

2

 

 

Table 5.2, Potential SOA Forming Groups and Species within MOZART-2 
 

Species Units Industry / 

Fossil Fuel 

Biomass 

Burning 

Biogenic Oceans Total 

C H Tg-C yr 16.07 7.55 0.00 6.26 29.88 4 10
-1

% 53.80 25.25 0.00 20.95 100.00 

C H Tg-C yr

% 

0.00 0.0 129.06 0.00 129.0610 16

0.00 0.0 100.00 0.00 

 

100.00 

-1
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Aerosol deposition and sink processes are based on schemes and assumptions of 

previous studies. Aerosol wet deposition processes in MOZART-2 are based on the 

washout scheme developed in MOZART-1 (Brasseur et al. 1998; Tie 2002b).  SOA wet 

deposition is assumed to be similar to the wet deposition rate for soluble species (e.g.  

HNO3).  SOA is assumed to have a global dry deposition velocity of 0.2 cm s-1, which 

is the same deposition velocity for sulfate aerosol in the MOZART-2 model (Tie 

2002b).  In this study it is assumed that the physical processes of the OC aerosol is 

sim

5.2.2.4 SOA Bulk Yield Modelling 

 

The bulk aerosol yield method of SOA estimation (section 2.4) was used to provide a 

worst case estimate of SOA production for the MOZART-2 emissions inventory.  This 

ilar to EC aerosol as suggested by Cooke and Wilson (1996).  Primary OC aerosol is 

emitted directly from the surface as hydrophobic OC aerosol.  After entering the 

atmosphere, it mixes with other aerosols or cloud drops to convert to hydrophilic OC 

aerosol (Ogren and Charlson 1984; Liousse et al. 1996).  The amount of time for this 

conversion to occur is set as one day, as suggested by Cooke and Wilson (1996).  

Hydrophobic and hydrophilic OC aerosol is transported by convection, advection, and 

diffusion.  Hydrophobic OC aerosol is not subject to wet scavenging, and is assigned a 

dry deposition velocity of 0.1 cm s-1 as suggested by Cooke and Wilson (1996).  

Hydrophilic OC aerosol is not directly emitted at the surface and is subject to both wet 

and dry deposition after aging.  The removal rate for wet scavenging is assumed to be 

the same as for SOA. 
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me od uses yields that represent the maximum quantity of SOA able to be produced 

gas-phase ch

ere lumped into the C4H10 and C10H16 surrogate species.  Table 5.2 presents the 

issions source break n f pecie OZ sion 10 

show that 53.8  is from

 

e aeros ld fo s 53 f C 10 was then calculat ed o  e identit

of VOCs from industrial sources and the SOA y  from Sein nd P n is (1998)  

ass portion of C4H

sumed the sources contained VOCs based on the breakdown within the IPCC 

report hton . 2001, p258).  To be consiste t wit our tom

 C4H10 cies, IPCC ction  were adjusted to contain just four carbon 

species and a e.  S  of the VOC groups uired ssum s re a ing SOA 

yield values (detailed in Box 1).  Ta is for the C4H10 

gate while an exam le ca on s rves to illustrat the d.  F 4H1

species, 53.8 % is sourced from industrial activities (Table 5.2).  Industrial sources, 

using the IPCC distribution, were found to contain species such as toluene, xylene and 

weighted according to there 0 of 

103.52 µg m-3 ppm-1.  Therefore 53.8 % of MOZART-2 C4H10 has an SOA yield of 

103.52 µg m-3 ppm-1.  Likewise, 25.25 % of MOZART-2 C4H10 has an SOA yield from 

biomass sources of 89.98 µg m-3 ppm-1.  The remainder has a yield of zero.  The C10H16 

is assumed to have the same yield as α-pinene (762 µg m-3 ppm-1). 

th

from a unit of reacted VOC.  The MOZART-2 mechanism was developed to represent 

emistry, and during the development any potential SOA-forming species 

w

em dow or these s s (e.g.  the M ART-2 emis s of C4H

 %  industrial sources).   

Th ol yie r thi .8 % o 4H ed bas n th y 

ields  feld a a d . 

This analysis was repeated for the biom 10.  To identify these VOCs, it 

was as

2001 (Houg et al n h the f carbon a s 

of the  spe the  fra s

bov ome  req  a ption g rd

ble 5.3 summarises the yield analys

surro p lculati e e metho or the C 0 

substituted benzenes.  These species have their own SOA bulk yield, which when 

percentage give an aerosol yield for industrial C4H1
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T

ld references: 

 
IPCC 

able 5.3, C10H16 SOA Yield and C4H10 VOC Sources, Species, SOA yields & 
Contribution to Surrogate Species 
(IPCC references: (Houghton et al. 2001); SOA yie
(Seinfeld and Pandis 1998)) 

 SOA Yield       

(µg/m3/ppm) 

 

Note 2 

Yield 

Contribution 

 % of 

MOZART

-2 C4H10 

(from 

SOA Yield  Species  

 

 

 

IPCC Wt % IPCC IPCC Wt % 
Distribution # C 

 

Distribution 

(>=C4 only) 
(µg m-3 ppm-1)

 

Note 1   
Table 5.2) 

(µg m-3 

ppm-1)

Industrial             

Higher al    

Toluene  

Xylene  

Trimethylbenzene 0.7 9.0 0.99 × 441c = 4.36     

Other aro 4.39 × 312d = 13.70     

Total Ind -  99.34 × 53.80 = 53.45 

kanes 18.2 7.5 25.74 × 134 = 34.49  a

4.9 7.0 6.93 × 424 = 29.38    

3.6 8.0 5.09 × 342b = 17.41    

matics 3.1 9.6 

ustrial 30.50 - 43.14  

Biomass             

Higher alkanes 1.3 8.0 4.04 × 134a = 5.41     

Toluene 4.1 7.0 12.73 × 424 = 53.98     

Xylene 1.2 8.0 3.73 × 342b = 12.76     

Other aro × 475e = 14.77     

Total Biomass 7.6 - 23.61  -  86.92 × 25.25 = 21.95 

matics 1.0 8.0 3.11 

C4H10 - - -  -  -    75.40 

C10H16 762.00     762f      

Note 1: These values are the percentage of the IPCC compounds of the industrial or biomass source that 

contain four or more carbon atoms (to compare with MOZART-2 C H  species).  Some IPCC 4 10

compounds contain two or three carbon atoms and as such do not fit within the C4H10 surrogate 

Note 2: Calculation of SOA yields shown in Box 5.1. Superscripts refer to definitions in Box 5.1 
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Box 5.1, SOA bulk Yield Assumptions 
aHigher Alkanes: 7.5 carbons, 134 µg m  ppm , midpoint of the highest yield-3 -1 ing C8 

alkane ene, 227) and the lowest yielding C7 alkane (n-heptane, 7). (Oct

bXylene: 342 µg m-3 ppm-1, average of the ortho (428), meta (419), para (180) isomers. 

cTrimethylbenzene: 441 µg m-3 ppm-1 average of the 1,3,5- (577), 1,2,3- (496) and 

1,2,4- (251) isomers. 

dOther Aromatic – Industrial: 312 µg m-3 ppm-1, average of Ethylbenzene (440), 

Isopropylbenzene (334), n-Propylbenzene (138) and Isobutylbenzene (334). 

eOther Aromatic – Biomass: 475 µg m-3 ppm-1, average of the Polycyclic Aromatic 

Hydrocarbons (naphthalene (400), 2,3-Dimethylnaphthalene (600), Methylnaphthalene 

(500) and Tetralin (400)). 

fC10H16: 762 µg m-3 ppm-1, yield of α-pinene. 

 

 

5.2.2.5 SOA Partitioning Modelling 

 

Gas-to-particle partitioning theory of SOA formation (Odum et al. 1996) has been 

used within MOZART-2 as an alternative to the bulk yield method.  Partitioning theory 

models the partitioning of gas-phase VOC (i) oxidation products to an existing organic 

aerosol mass.  SOA yields (Yi) are derived instantaneously using (2.23) (Odum et al. 

1996) and are dependent on the mass of organic matter (MO) that exists at a specific 

time.  This organic matter can consist of primary or secondary organic particulates and 

in MOZART-2 is obtained from the primary OC and SOA that exists within the grid 
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cell of interest.  If organic matter does not exist, the bulk yield method is used initially 

oduce a sm quan  m  to a  h ondensation step

 

to pr all tity of ass ct as a omogenous c .   

∑ ⎟
⎟
⎠O  

⎞
⎜

j

j

MK
K ,α

 

he IPCC breakdown (Houghton et al. 2001, p258) across all sources of C4H10 and 

the MOZART-2 VOC inventory revealed that the potential SOA species within C4H10 

 6.94 % toluene, 3.70 % m-xylene, 0.53 % trimethybenzene, 

3.05 % ‘other aromatics’ and 14.87 % ‘higher alkanes’.  Partitioning coefficients (Kom,j) 

an

t the ‘other aromatics’ species fit toluene 

partitioning data, that the ‘higher alkane’ behave as the ‘low yield aromatics’ group 

from Odum

α-pinene.  These param

multiplied

⎜
⎝ +1
⎛

= Oi MY
jom,

omj (2.23) 

T

was best represented as

d fractional yields (αj) were obtained from the literature for these species and are 

shown in Table 5.4,.  It was assumed tha

 et al. (1997b) and that the partitioning parameters for C10H16 are those for 

eters are used in (2.23) to calculate a fractional yield, which is 

 by the mass of reacted VOC for a time step to obtain SOA mass. 
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Table 5.4, P

Species 

C4H10  / C10H16

artitioning Parameters and VOC Distributions used within MOZART-2 

α1 Kom,1 α2 Kom,2 Reference: Wt % of 

α-Pinene 0.038 0.171 0.326 0.004 (Hoffmann et al. 1997) 0.00  /  100.0 

m-Xylene 

Trimethylbenzene 0.016 0.120 0.500 0.004 (Cocker et al. 2001)   
Toluene 6.94   0.00 

Other Aromatics 

Higher Alkanes 

0.120 0.060 0.019 0.010 (Cocker et al. 2001) 3.70  /  0.00 

0.53 /  0.00 

0.038 0.042 0.167 0.0014 (Odum et al. 1997b)  /

0.038 0.042 0.167 0.0014 (Odum et al. 1997b) 3.05  /  0.00 

0.071 0.093 0.220 0.001 (Odum et al. 1997b) 14.87 /  0.00 

 

 

5.2.2.6 Uncertainties 

 

Apart f

uncertaint

 

• SOA partitioning is dependant on the OC inventory which itself will contain 

 

• 

lk and partitioning) of various species within C4H10 introduce 

rom the uncertainties within the emissions inventory, a number of other 

ies arise within the SOA models. 

uncertainties (IPCC estimation of 55 to 110 Tg / yr). The current MOZART-2 

OC emission is 62 Tg / yr.  The partitioning SOA is therefore provided based 

on the most recent update of OC within MOZART-2 and the assumption of 

which IPCC sources to include.  As a result, the formation of SOA from the 

partitioning method could be underestimated. 

The averaging and other assumptions within the aerosol yield parameters 

(both bu
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uncertainty.  The low SOA yield and relative abundance of C4H10 make these 

uncertainties small.  Ideally these yield parameters should be weighted 

towards isomeric abundance or emissions strengths.  Isomeric abundances 

  The distribution of the 

C4H10 surrogate species listed in Table 5.2 is a fixed distribution that 

of the aerosol lifetimes however the predicted effect of increases of SOA 

formation due to increases in relative humidity (discussed in section 2.2.2.3) 

can vary significantly so a simple average was used.

MOZART-2 applies over all areas.  For example, the MOZART-2 inventory 

does not alter the emission strength of the biogenic fraction of C4H10 over 

central Africa.  This fixed emission strength could artificially suppress or 

raise SOA in areas where most C4H10 emission is not SOA-forming, or over 

industrial areas where most C4H10 will form SOA.  Likewise, the C10H16 

species is a surrogate for all monoterpenes, even though monoterpene 

speciation will vary across geographical location.  These uncertainties arise 

through the simplification of the chemical mechanism and parameterisations 

of the VOC emissions. 

 

• Another uncertainty that was not considered is the effect of relative humidity 

on the partitioning of SOA.  Humidity is considered in the parameterisations 

were not included.  Due to the reduced nature of the MOZART -2 mechanism 

it is difficult to determine the parameters required (activity coefficients and 

molecular weight) to account for changes due to humidity in the global 

model.  
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5.3. Results  

5.3.1. Global Distribution and Seasonal Variation of SOA 

 

The MOZART-2 bulk yield model produced significant spatial and temporal 

variation in the global surface distribution of SOA in March, June, September, and 

December, respectively (Figure 5.1).  The concentration of SOA is concentrated in five 

geographical regions, i.e. southeast US, Europe, south America, central Africa, and 

southeast Asia, and has significant seasonal variability.  For example, in March a very 

small concentration of SOA is shown in southeast US while in June SOA concentration 

increases rapidly in this region with a maximum of 10 µg m

 (contribution by Daniel Lack and Xuexi Tie)

 

d has significant spatial and seasonal variation, 

as shown for the months of March, June, September, and December in Figure 5.3.  The 

annual surface emission of C4H10 in MOZART-2 is due to industrial / fossil fuel 

(16 Tg yr-1), biomass burning (7.5 Tg yr-1), and oceans (6.5 Tg yr-1).  The emission of 

-3.  The global SOA 

distributions and geographical concentrations of SOA produced from the partitioning 

model show maximum SOA concentrations reaching 10 µg m-3 in south America in 

September although the production during the same time of year over North America is 

reduced from the bulk yield maximum to about 4 µg m-3 (Figure 5.2).  Annual SOA 

production in central Africa is reduced relative to the potential indicated by the bulk 

yield.   

 

The surface emission of C10H16 in MOZART-2 (total annual emission of 129 Tg yr-1) 

is mainly due to biogenic emissions an
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C4H10 has significant spatial distribution, but the seasonal variability is small, as shown 

in Figure 5.3.  According to the bulk yield for C10H16 (762 µg m-3 ppm-1) and the 

signific

SOA p

correla 1 and Figure 5.3.  For example, 

in southeast US, SOA production is small in March and December and large in June 

and September, corresponding to the emission of C10H16 from the same region.  High 

SOA concentrations are predicted in south America showing weak seasonal variations.  

This is consistent with the large annual biogenic VOC emissions from leaf and soil 

microbial processes.  The partitioning model produces weaker correlations between 

C10H16 and SOA production.  Figure 5.5 presents the surface emissions of the primary 

OC aerosol.  Comparisons of Figure 5.5 with Figure 5.2 show the smaller correlation of 

partitioning SOA production to OC aerosol availability.  There are regions of high OC 

aerosol (e.g.  Africa) where SOA production is minimal, confirming the related 

contributions of OC aerosol and VOC availability on SOA production.  There are some 

regions that appear to have higher production of SOA in the partitioning model than in 

the bulk model (e.g.  Figure 5.2 Europe in September) indicating that the high 

concentrations of OC aerosol and the deposition behavior of OC aerosol can enhance 

SOA lifetime (refer to Table 5.5 for SOA lifetimes).  Generally, SOA production using 

the partitioning model is less than the bulk method.  A more detailed budget analysis 

will be given in the following sections. 

 

10H16 over C4H10 (Figure 5.3 and Figure 5.4) bulk 

roduction is expected to be strongly correlated to C10H16 emissions.  This 

tion is revealed in comparisons between Figure 5.
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Figure 5.1, Bulk Yield Calculated SOA Global Distributions at Surface in March, 
June, September, and December, Respectively.  Plot also shows targeted regions 
which are used to calculate the budget and seasonal cycle of SOA.  1 is for 
southeast US, 2 is for Europe, 3 is for South America, 4 is for central Africa, and 5 
is for southern Asia. 

Figure 5.1, B
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Figure 5.2, Partitioning Yield Calculated Global Distributions of SOA at Surface 
in March, June, September, and December, Respectively. 
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Figure 5.3, Surface Emission of C10H16 (# cm-3 s-1 x 1010) in MOZART-2 in March, 
June, September, and December, Respectively. 
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Figure 5.4, Surface Emission of C4H10 (# cm  s  x 10 ) in MOZART-2 in March, 
June, September, and December, Respectively. 

-3 -1 10
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Figure 5.5, Surface Emission of OC aerosol Aerosol (µg m-3) in MOZART-2 in 

March, June, September, and December, Respectively. 
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Zonal averages of SOA concentration at a specific latitude and height provide a 

sensitivity of the model to vertical transport of SOA.  The variation of zonally averaged 

SOA concentration June and December for the bulk and partitioning models is 

presented in Figure 5.6.  Zonally averaged SOA production is similar for both models in 

December but is reduced using the partitioning model, on average by about half to one 

third in June.  SOA is at its highest concentration in the boundary layer, and a small 

portion of SOA is transported upward into the free troposphere (Figure 5.6).  This is 

consistent with most SOA being rapidly formed from biogenic emissions (C10H16), 

which do not have sufficient buoyancy to be located above the model surface layer (ca.  

100 m).  The time constant of chemical loss is in the order of hours for C10H16 and days 

for C4H10.  A more detailed analysis will be given in the follow sections.  There is 

indication that SOA is transported to the upper troposphere due the convective transport 

in December, although it is limited to the tropics.  A strong latitudinal distribution of 

(the northern e and the tropics), in December, the high concentration of SOA 

is located only in the tropics.   

 

SOA is also noticed; in June, the high concentration of SOA is located in two regions 

hemispher
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Figure 5.6, Calculated Zonally Averaged Distributions of SOA in June and 
December, Respectively for Bulk (left) and Partitioning (right) SOA 
Models. 

 

 

 

 

 

 

 

 

 

160 



Secondary Organic Atmospheric Aerosols                                                                                  Daniel A Lack 

 

Figure 5.7, Calculated Seasonal Variability of SOA Concentration (bulk and 

Reaction Rate of C10H16 and C4H10 with O3 and OH in Five Different 

The solid line represents the concentration of bulk SOA (µg m ); the 

dotted line represents the sum of C10H16 and C4H10 (# cm  s  x 10 ); 
the sum of chemical reaction of C10H16 

and C4H10 with O3 and OH (hour-1). 
 

 

partitioning), Emission of C10H16 and C4H10, and the Chemical 

Regions Indicated in Figure 1.   
-3

bold dashed line the concentration of partitioning SOA (µg m-3); the 
-3 -1 10

and the dashed line present 
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In order to study the seasonal variability of SOA, five regions of the globe were 

selected as follows; (1) southeast US, (2) Europe, (3) south America, (4) central Africa, 

and (5) southern Asia as shown in the top left plot in Figure 5.1.  The monthly averaged 

concentration of SOA for both models (bulk: bold line; partitioning: bold dashed line), 

the total emissions of C10H16 and C4H10 (dotted line), and the total chemical reaction 

rates of C10H16 and C4H10 with O3, NO3, and OH (dashed line) in five different regions 

are shown in Figure 5.7.   

 

Bulk SOA production in region 1 peaks between July and September, and is lowest 

between December and February.  The seasonal variability of surface emissions and 

chemical reaction rates of C H  and C H are consistent with the seasonal changes of 

SOA concentrations.  The large surface emission of VOCs and the fast chemical 

conversion from VOCs to its oxidation products combine to produce high 

co

o 

both VOC emissions (surface emissions line) and oxidation (chemical reaction rates 

line

10 16 4 10 

ncentrations of SOA in August.  Bulk SOA is the maximum amount of SOA able to 

form from a given VOC.  Partitioning SOA production is much less than the bulk 

model, and provides the potential for SOA production (as a difference between bulk and 

partitioning production).  Partitioning production is correlated (line shape is similar) t

).  This correlation indicates that emissions and chemical reaction are not limiting 

SOA production and so the OC aerosol availability is assumed to be inhibiting 

partitioning SOA production in this region. 
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Region 2 behaves similarly to region 1 for the bulk SOA production, VOC emissions 

and oxidation.  Partitioning SOA production is very similar to the bulk model indicating 

SOA formation is already at maximum production in this region.  Concentrations of 

partitioning SOA at some times of the year are greater than the bulk method; a result of 

the longer atmospheric lifetime of partitioning SOA. 

 

SOA production from the bulk model in region 3 is directly correlated with the 

oxidation of VOC, indicating that more SOA could potentially form given better 

o

l.  Partitioning 

SOA formation, like regions 1 and 3, is significantly less than the bulk model indicating 

that both OC aerosol and oxida

 

r to the bulk SOA indicating that an increase in 

oxidant availability will increase SOA production.  OC aerosol availability in this 

re  t

xidation conditions.  SOA production from the partitioning method is significantly less 

than the bulk model, which indicates that an increase in both OC aerosol and oxidant 

availability in this region will lead to a substantial increase in SOA formation. 

 

SOA production from the bulk model in region 4 correlates to both VOC emissions 

and oxidation suggesting that SOA production may not be at full potentia

nt availability is restricting SOA growth in this region. 

In region 5, bulk SOA production is strongly correlated to VOC oxidation.  The 

partitioning SOA is also very simila

gion is not a res ricting factor to SOA formation. 
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This analysis implies that, given current conditions, SOA production over Europe is 

at a maximum; that increases in OC aerosol concentrations in north America will result 

in SOA increases and that an increase in SOA over Asia will result if oxidant levels 

rise.  Dramatic increases in SOA in the developing regions of south America and Africa 

could result from increases in oxidant and OC aerosol concentrations in these regions. 

 

5.3.2. Global Budget of SOA 

 

The processes that have important contributions to the SOA global budget are shown 

in Table 5.5.  The annually averaged surface emission of C10H16 is about five times 

higher than C4H10.  In MOZART-2, the C4H10 only reacts with OH and C10H16 reacts 

with OH, O3, and NO3 to produce SOA.  The reaction of C10H16 with O3 provides a fast 

channel (time constant of 0.5 hour) to produce SOA because of the high concentrations 

of O3 although the kinetic rate is relatively slow (see Table 5.5).   

 

The second important channel to produce SOA through C10H16 is due to the night 

time reaction with NO3 (time constant of 2 hours), which is about two times slower than 

the reaction with O3.  The slowest channel is the reaction with OH.  (time constant of 

0.5 day) because the concentration of OH.  is very small although the kinetic reaction 

rate is the highest (see Table 5.5).   

 

All three C10H16 channels that produce SOA are faster than the rate of the C4H10 

reaction (time constant of 8 days).  Most SOA is produced from C10H16, due to its 
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higher emission rates, faster chemical reactions, and higher yield parameters than C4H10 

pm-1 for C H16 and 78 µg m-3 ppm-1 for C4H10).  The rate 

 SOA significantly controls the global distribution and 

nal variability of SOA.   

(e.g.  bulk yield: 762 µg m-3 p 10

of C10H16 with O3 to form

seaso
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T

Gas Phase Species (Annual Averages):   

able 5.5, Annual Budget of SOA and SOA Precursors in the Troposphere  

Calculated by MOZART-2 

Surface Emission (Tg yr-1)    
C H 29.0  

   

C H  + OH 

4 10

C H 129.2  

Chemical Lifetime (day)   
7.58  

C10 16 + OH 0.51  

C10H16 + O3 0.02  

C10

   

C

C10 16

C H  + NO 0.045  

SOA (Annual Averages): Bulk Partitioning 

10 16

4 10

H

H16 + NO3 0.08  

Chemical Reaction Rate (Tg day )   -1

4H10 + OH 0.077  

H  + OH 0.007  

C10H16 + O3 0.197  

10 16 3

   

Production (Tg yr )   -1

P_SOA (C4H10  +  OH) 1.79 1.70 

P_SOA (C H16  +  OH) 1.03 0.92 10

P_SOA (C10H16  +  O3) 14.5 8.46 

P_ A (C10H16  + NO3) 7.2 4.22 SO

Total 24.60 15.30 
   
Total Mass (Tg)    
C4H10 0.589 0.377 

C10H16 0.004 0.003 

Total 0. 38593 0. 0 
   
Loss (Tg yr-1)    
Dry 5.20 3.15  

Wet 19.40 12.15 
   
Lifetime (Day)    
SOA 8.7 9.1 
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The annual global tropospheric burden of C H  is estimated to be 0.004 Tg, a small 

quantity relative to the emissions due to fast C10H16 oxidation.  The greatest mass of 

C10H16 is concentrated in the boundary layer due to its short lifetime (less than 1 hour).  

The lifetime of C4H10, on the other hand, is about 1 week and as a result the global 

tropospheric burden of C4H10 (0.6 Tg) is larger than C10H16, although its annual 

emission is about four times smaller than C10H16.   

 

The seasonal variability of SOA is noticeable and mostly due to the seasonal 

variability of the oxidation of C10H16 and C4H10.  The local concentration of SOA 

changes considerably with season as shown in Figure 5.7.  The loss of SOA is due to 

both dry and wet deposition in the model.  Wet deposition is the main SOA loss process 

in the troposphere (for this simulation), which contributes about 75 - 80 % loss of SOA.  

The dry deposition contributes about 20 - 25 % loss of SOA.  These losses lead to a 

lifetime of SOA of 8.7 days for the bulk yield method and 9.1 days for the partitioning 

method. 

 

Global annual production of SOA totalled 24.5 Tg yr  (bulk) and 15.3 Tg yr  

(partitioning), with contributions from biogenic precursors being 22.7 Tg yr  (bulk) and 

13.6 Tg yr  (partitioning), anthropogenic contributions of about 1.2 Tg yr  (bulk) and 

1.1 Tg yr  (partitioning) with the remainders from biomass burning emissions. 

 

10 16

-1 -1

-1

-1 -1

-1
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5.3.3.  Comparisons with Observational and Other Modelled Data 

 

The quantity of observational data for global SOA is minimal as there is no direct 

measurement technique for SOA in the atmosphere as a component of total aerosol 

concentrations.  OC aerosol measurements (e.g. thermal optical reflectance techniques) 

contain both primary and secondary organic species and to obtain an estimate of 

Organic Matter (OM) from OC aerosol conversion factors ranging from 1.2 to 1.8 have 

been derived to include the oxygen, nitrogen and hydrogen of the organic compounds.  

factor in esta

A small quantity of data does exist that can be used to compare to model output.  

Strader et al. (1999) used the conversion method from OC aerosol to OM and a 

technique of correlating EC to primary OC to derive secondary OC aerosol estimates 

from carbonaceous aerosol measurements during winter in the San Joaquin Valley, 

California.  At three of the sites they found that SOA represented up to 34 % of OC 

aerosol with daily average concentrations ranging from 0.3 to 7.4 µg C m-3 (this 

converts to 0.4 – 10.3 µg m-3 of total organic aerosol using the methods discussed in 

section 2.3).  Peak SOA daily average concentrations as high as ~ 32 µg m-3 were 

calculated from observed data using a conversion factor from OC aerosol to OM of 1.4.  

MOZART-2 monthly SOA averages for this time of year and location ranged between 0 

and 3.5 µg m-3 (bulk) and 0 – 1 µg m-3 (partitioning). 

 

The expense of measuring extensive areas for organic aerosols is also a prohibitive 

blishing a substantial quantity of SOA data.   
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Modelled biogenic SOA formation in Northern Europe (Andersson-Skold and 

Simpson 2001) showed monthly average concentrations ranging from 0.015 –

 0.56 µg m-3 over a twelve-month period, but comparison with limited observations, 

based on the OC aerosol/OM method, suggested that that the model was under 

predicting.  An observed daily average in June/July was measured at ~ 3.5 µg m-3.  

MOZART-2 monthly averages for this region ranged between 0 - 1.5 µg m-3 (bulk) and 

0 – 1 µg m-3 (partitioning). 
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Figure 5.8, Observed versus Predicted (* = Bulk, ▲ = Partitioning) Daily 

America.   

 

 

Averaged SOA Concentrations for Several Sites Across North 

MOZART-2 daily average estimated from the monthly average. 
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Turpin and Huntzicker (1995), using the OC/OM conversion method, estimated 

SOA for Claremont, California using the SCAQS summer study results.  

Concentrations of SOA ranged up to ~ 15 µg m-3 with a daily average of ~ 3 µg m-3 for 

one day in August.  The conversion and SOA estimation in this study used a similar 

technique to Strader et al. (1999).  MOZART-2 monthly average concentrations for this 

area at this time of year were between 1 - 3 µg m-3 (bulk) and 1 – 2 µg m-3 

(partitioning).  Barthelmie and Pryor (1997) utilised the IMPROVE results during the 

REVEAL and REVEAL II field campaigns to show that organic aerosol (both primary 

and secondary) concentrations averaged between 2 and 30 µg m  in the Lower Fraser 

Valley, British Columbia.  Using measured organic aerosol concentrations they 

presented daily averaged SOA concentrations that varied over a twelve month period 

from ~ 0.2 to ~ 5 µg m  within this study area.  MOZART-2 monthly averages ranged 

from 0 to 2 µg m  (bulk and partitioning) in this area over twelve months.  An estimate 

of background rural OM (primary and secondary aerosols) was made by Liousse et al. 

(1996) also using the IMPROVE network.  OM concentrations from the North 

American rural sites ranged from 1 to 3 µg m-3.   

 

MOZART-2 daily averages for bulk and partitioning data corresponding to the time 

of year and regions discussed are shown in Figure 5.8.  MOZART-2 monthly averages 

were converted to daily values following the power law technique outlined by (Wark 

and Warner 1981, p128).  Comparisons of experimental to modelled data are difficult.  

The outliers in Figure 5.8 show this and exist because of the plot is comparing 

experimental OC data (converted to SOA concentrations using various methods) with 

the modelled results which themselves contain uncertainties.  Despite these 

-3

-3

-3
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shortcomings in the comparison method the modelled results show encouraging trends 

considering the large resolution of the model.  These observations are heavily biased to 

the north American continent, although they do give a good indication of MOZART-2’s 

capability to predict global SOA. 

 

5.4.  Conclusions 

 

Two SOA modules for a three-dimensional chemical transport model, MOZART-2 

(Brasseur et al. 1998), have been developed using bulk and partitioning yield methods 

(section 2.4).  The bulk yield method gives an SOA estimate based on the VOC 

inventory alone and provides a maximum possible global SOA burden, while the 

partitioning method is dependent on the VOC inventory and the availability of existing 

OC aerosol.  Both the bulk and partitioning SOA yield methods provide a better 

estimate of SOA occurrence than the most common global modelling methods (refer to 

section 2.5.3) 

 

The distributions of SOA estimated using bulk yields provide a global picture of the 

maximum potential for SOA formation.  Using the MOZART-2 bulk yield method, 

SOA concentrations were found to vary up to 10 µg m-3 and peaked over the southeast 

US, Europe, south America, central Africa and south Asia.  Maximum SOA 

concentrations were found over the Northern Hemisphere (NH) and tropics in June 

while SOA concentrations in the tropics remained high through December.  SOA 

production was found to be dependent on oxidant availability and VOC emissions in 
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south America and Asia, thought to be due to the excess VOC emissions in these 

regions.  The partitioning method produced significantly less SOA in north America, 

south America and Africa, due to limited availability of OC.  Oxidant availability also 

restricted SOA formation in north America.  The partitioning method produced a 

maximum SOA concentration of 10 µg m-3 over south America in September and 

showed that SOA production in Asia and Europe is currently at a maximum for most of 

the

genic 

contributions totalled 1.2 Tg yr-1 (bulk) and 1.1 Tg yr-1 (partitioning).  The total annual 

pro

as calculated to be 15.3 Tg yr-1 using the 

partitioning model.  In Comparison, Chung and Seinfeld (2002) predicted total SOA to 

be 11.2 Tg yr-1 using an alternative global model.  The biogenic fraction of the 

MOZART-2 total SOA mass production (13.6 Tg yr-1) compares to an estimate of 

biogenic SOA by Griffin et al. (1999a) of 18.5 Tg yr-1 and Tsigaridis and Kanakidou 

(2003) of 2.5 to 44 Tg yr-1 using the partitioning method.  Anthropogenic SOA 

 year.  It was found that SOA formation modelled using the partitioning model was 

similar to the bulk model in the northern hemisphere winter and significantly reduced 

relative to the bulk model in the northern hemisphere summer.  The most abundant 

SOA precursor within the MOZART-2 emissions inventory was C10H16, producing 

22.7 Tg yr-1 (bulk) and 13.6 Tg yr-1 (partitioning) of SOA compared to 1.8 Tg yr-1 

(bulk) and 1.7 Tg yr-1 (partitioning) for all other SOA precursors.  Anthropo

duction of SOA using the bulk model was calculated to be ~ 24.5 Tg yr-1 which is 

slightly lower than the low estimates by Andreae and Crutzen (1997) (30 – 270 Tg yr-1) 

using various bulk methods.  The biogenic fraction of this (22.7 Tg yr-1) compares to a 

simplified bulk method estimate of 14.4 Tg yr-1 by Penner et al. (2002) which is 

commonly used in global models (e.g. ULAQ, GISS, CCM1, ECHAM / GRANTOUR 

models).  Total annual SOA production w
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contributions of 1.1 Tg yr-1 from MOZART-2 compared to 0.05 -2.62 Tg yr-1 of 

Tsigaridis and Kanakidou (2003).  Within the boundaries of MOZART-2, the ozone and 

nitrate radical reactions were the most important in the formation of SOA from C10H16 

where almost 60 % of SOA being produced from ozonolysis, and nearly 30 % produced 

from nitrate radical reaction of C10H16. 

 

Although uncertainty in the modelling exists due to mechanism simplicity and VOC 

inventory uncertainties, tentative comparisons to limited observational and modelled 

data suggest that the MOZART-2 SOA model provides a good representation of global 

averaged SOA.  The two methods of calculating SOA provide an estimate of the 

potential SOA (bulk model) and a best estimate of SOA that forms in reality 

(partitioning) based on the emissions and OC aerosol inventories in MOZART-2. 

 

Overall MOZART-2 and the SOA methods implemented appear to provide an 

effective tool for estimating global SOA mass concentrations (based on limited 

observational data).  The global spatial and temporal distributions of bulk and 

partitioning SOA provide data to analyse the restrictions to SOA formation in particular 

regions and the unrealised SOA potential in those regions due to deficiencies in OC 

availability or VOC oxidant concentrations. 
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6 An Empirical Ultra-Fine Aerosol Coagulation Model 

Chapter Six 

 

An Empirical Ultra-Fine Aerosol Coagulation Model 
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6.1.

 

SOA mass is a commonly modelled SOA parameter.  Chapter 5 describes the 

development of two methods for predicting SOA mass on a global scale.  Mass 

modelling is useful in estimating exposures according to government particle exposure 

guidelines such as PM10 and PM2.5 or determining total production within a region.  As 

discussed in section 1.3, the most concerning aspect of SOA, from a health perspective, 

is not the mass of SOA but the size, number concentration and composition of the 

particles.  These properties are also significant when the climate change aspect of 

atmospheric aerosols is considered.  Using the known mass of aerosol it is then possible 

to model the physical properties.   

 

Within the atmospheric lifetime of an aerosol population a number of processes occur 

that alter their size, number, composition, lifetime and occurrence.  Processes such as 

nucleation, erosion and combustion contribute new particles to the atmosphere, while 

processes such as sedimentation and deposition remove them.  Chemical reaction, 

heterogenous chemistry, condensation and coagulation can also significantly affect their 

growth.  Combining these processes into models can provide a valuable picture of 

aerosol behaviour and is discussed in a review in section 2.5.2.   

 

This chapter discusses a method of coagulation of ultra-fine particles that has been 

developed as part of a SOA dynamics model, which is discussed in Chapter 7.   

 

 Introduction 
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Coagulation is one of the significant dynamical processes that acts on atmospheric 

aerosol, particularly ultra-fine aerosol (Jacobson 1997).  Significant coagulation results 

through Brownian motion, where the thermal energy of molecules surrounding a particle 

causes particle movement and consequent collision with other particles.  Collisions of 

particles in turbulent flow also add significantly to coagulation while gravitational 

settling can coagulate particles to such an extent that they are removed from the sy

entirely. 

some of these through 

to CCN size, which affects cloud cover, albedo and precipitation events.  The evolution 

of aerosol is dominated by coagulation after a nucleation event, or once condensati

partitioning growth has slowed (Jacobson 1997) and is quantified and modelled to help 

predict aerosol evolution after these growth events have occurred.  These coagulation 

systems can be represented by the ‘discrete coagulation equation’ ((2.30), Seinfeld and 

Pandis 1998, p675). 

 

stem 

 

Modelling coagulation in climatological models helps to provide an estimate of 

removal of the smaller particles of a system and the evolution of 

on or 
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(2.30)

 

where N is the number of particles containing j or k monomers and K the coagulation 

coefficient of particles containing j or k monomers. 
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Modelling coagulation (e.g. using variations of (2.30)) uses a significant quantity of 

resources calculating the binary interactions and the coagulation coefficient for each of 

these interactions.  The simplest form of coagulation, particularly for ultra fine aerosol, 

is Brownian coagulation, represented by (6.1) (Seinfeld and Pandis 1998, p659). 

 

NNKJ = (6.1)211212  

 

where J (cm-3 s-1) is the rate of coagulation between particles 1, and 2 having 

number concentrations of N1 and N2, and a coagulation coefficient of K12.  K12 is 

calculated using equation (6.2) (Seinfeld and Pandis 1998, p659). 

 

DDDDK

12 

212112 pp ))((2 ++= π  

 

where D

(6.2)

eter, viscosity of air and temperature.  This coagulation 

coefficient is calculated for each unique particle interaction.  

must be calculated.  In the coagulation system being investigated here, particle 

p1 and Dp2 are the diameters of the coagulating particles and D1 and D2 the 

Brownian diffusivities calculated using the Stokes-Einstein relation (Seinfeld and Pandis 

1998, p474) using particle diam

 

Equation (6.1) represents Brownian coagulation in the continuum regime, where the 

distance a particle has to travel to interact with another (mean free path) is much less 

than the diameter of the second particle.  When using this representation of coagulation, 

binary particle interactions and individual coagulation coefficients for each interaction 

179 



Secondary Organic Atmospheric Aerosols                                                                                  Daniel A Lack 

interactions (up to about 150 nm) can be described by a mixture of both the continuum 

and transition regimes; where the mean free path of the particle is about the same as the 

diameter of the coagulating particle (refer to section 2.5.2.2).  To consider the transition 

and free molecular regimes, where size differences between coagulating particles are 

small, a correction of K12 is required.  The most common correction is the ‘Fuchs form’ 

and corrects the coefficients to represent the kinetics of a coagulating system within the 

free molecular regime (Seinfeld and Pandis 1998, p661).   

 

The effect of temperature on coagulation is significant.  The system temperature will 

supply the energy for particle movement, evaporation of semi-volatile species (to reduce 

particle size and subsequent coagulative effect) and the diffusivity of the surrounding 

atmosphere.  Humidity will also be altered by temperature changes which can then have 

an effect on coagulation.  Humidity changes will affect the diffusion coefficients of 

coagulating particles, by changing the viscosity of air.  Adsorption of water to aerosol 

species from the atmosphere will alter aerosol volume (i.e. diameter), density and the so-

called ‘sticking probability’.  The type of aerosol and its affinity for water will affect its 

effect in a coagulating system. 

 

The model developed in this chapter, based on chamber coagulation experiments of 

sodium chloride aerosol, has empiricised the particle regime correction process and 

reduced the computational burden by determining a relationship between the total 

particle number (TPN) concentration and the coagulation coefficient.  This relationship 

considers the type of aerosol coagulating at the ambient conditions (including 
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temperature and humidity) under which the experiments were conducted and eliminates 

the need for intensive coefficient calculation for each interaction.  
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6.2. Experimental 

 

Details of the chamber facilities and equipment used to conduct the coagulation 

experiments are given in section 3.1.  A summary of experiments used in the 

development and validation of the model is provided in Table 6.1.  Of these experiments 

three (B1E03, B2E04b and B2E05a) were kept as model validation experiments.  The 

remaining experiments were used to develop the model. 

 

Table 6.1, Sodium Chloride Coagulation Experiment Details 

(min) (min) 
x.  [#] 

(cm-3) 
Mean [#] 

(cm-3) 
Temp.  (K) RH (%) Notes Exp.  ID Injection Time Duration Ma

B1E01 20 115 1.2E+04 5.7E+03 296.8 56.2 50 mg l-1 NaCl 

B1E02 10 203 6.5E+03 2.5E+03 296.5 30.5 50 mg l-1 NaCl 

B1E03* 20 105 1.3E+04 2E+03 296.5 41.7 50 mg l-1 NaCl 

B1E04 10 185 7.9E+03 3.5E+03 296.6 57.1 50 mg l-1 NaCl 

B1E06 

B

overnight 

B2E01b 75 138 2.5E+04 2.0E+04 296.9 67.1 50 mg l-1 NaCl 

50 mg l-1 NaCl 

B2 04b* 40 57 1.8E+04 1.7E+04 296.8 66.0 50 mg l-1 NaCl 

B2E05a* 133 57 7.1E+04 5.5E+04 296.1 70.3 50 mg l-1 NaCl 

B2E05b 133 2.5E+04 2.2E+04 296.1 70.3 50 mg l-1 Na

B2E06a 135 57 9.3E+04 7.0E+04 296.8 71.1 70 mg l-1 NaCl 

B2E06b 135 57 3.1E+04 2.7E+04 296.8 71.1 70 mg l-1 NaCl 

B

+0 297.0 74.5 70 mg l-1 NaCl 

9.

B1E05 45 134 2.4E+04 1.4E+04 297.4 56.7 50 mg l-1 NaCl 

30 120 2.9E+04 1.4E+04 296.3 59.2 50 mg l-1 NaCl 

1E07 20 259 2.8E+04 8.4E+03 296.7 61.3 50 mg l-1 NaCl 
Purged with room air 

B2E01a 75 101 6.3E+04 4.1E+04 296.9 67.1 50 mg l-1 NaCl 

B2E04a 40 57 6.4E+04 5.0E+04 296.8 66.0 

E

57 Cl 

2E07 15.5 87 5.0E+04 3.8E+04 297.0 78.1 70 mg l-1 NaCl 

B2E08 11 90 3.4E 4 2.6E+04 

Labels ‘a’ and ‘b’ indicate one large coagulation experiment divided into two experiments 
Experiments kept for model validation purposes. *

182 



Secondary Organic Atmospheric Aerosols                                                                                  Daniel A Lack 

6.3. Chamber Wall Particle Losses (contribution by Aaron Wiegand and Daniel Lack)

 

hamber experimentation using aerosol introduces artefacts to the results that need to 

be u

adsorb particles, effectively providing an additional aerosol loss process.  In pure 

coagulation events, volume concentration is conserved and so any change in observed 

volume concentration in the chamber coagulation experiments is assumed to be due to 

dilution due to sampling and loss of particles to the chamber wall.  Particle number 

concentrations are also effected by dilution and wall loss but also change rapidly due to 

nucleation and coagulation events.   

 

 

C

 considered before being sed to represent the atmosphere.  The walls in chambers can 
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m = -1.08 (±0.02) E-02
c  = -5.8   (±0.9) E-02
R = -0.996

 
 

Figure 6.1, Coefficient Determination (Kwall + Kdil) for Particle Loss Due to Dilution 
and Chamber Walls using Total Volume Concentrations as a Function 
of Time 
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The rate of change of volume concentration due to dilution was assumed to be size-

independent and first-order with respect to the total volume concentration.  The 

coefficient for this loss is equal to the coefficient for rate of dilution (6.3).   

 

chamber of Volume
=dilK  

rate flowair  up-make (6.3)

 

The rate of loss due to wall deposition was also assumed to be first-order with respect 

to the total volume concentration [V]total (6.4), (6.5);  

 

totalwalldil
total )[V]KK(

dt
+−=  

d[V] (6.4)

 

 t)K-(K
[V]
[V] ⎞⎛

ln walldil
0

t +=⎟⎟
⎠

⎜⎜  
(6.5)

 

The slope of a plot of 

⎝

⎟⎟
⎠⎝ 0[V]

aerosol volume data for an experiment are corrected using this coefficient.  An examp  

of the volume loss coefficien

⎞
⎜⎜
⎛ t[V]

ln versus time will be given by .  All 

le

t determination process is given in Figure 6.1.  

)K(K- walldil +
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6.4. Model Structure 

 

The development of this coagulation model focussed on simplifying the calculation of 

the effect of coagulation on ultra-fine aerosol distributions.  The structure of the discrete 

coagulation equation (2.30) and the Brownian coagulation equation (6.1) was used as a 

reference point for this model.  As in these representations of coagulation (equations 

(2.30), (6.1)) the rate of gain of coagulated particles in this model is related to t e 

within this m

particles into

with the model time step.   

h

number concentration of particles in each of the two ‘loss bins’.  For all interactions (i) 

odel a single coagulation coefficient was applied (6.6).  The gain of 

 a ‘gain bin’ of diameter d is calculated by integrating the rate of gain (6.6) 

 

∑
=

××ag 1N=⎟⎜
⎝
⎛ i

i
icoK

dt
dN

1
2,N

 

.6)

whe the number of possible interactions tha  particle of ‘g eter’ 

d, Ni,1 e particle num ations in either of the two ‘loss bins’ and Kcoag 

the coagu

 

Th aerosol distrib  the simulation is given by discrete bins that are 

assigned a lower and upper diameter (bin width).  A pre-simulation calculation 

determ  results of bina s between mbination of izes.  

The pre-calculated interactions between all bins are sto

model

⎠ d

⎞
i ,

(6

re i is t form a ain diam

/ Ni,2 th ber concentr

lation coefficient. 

e initial ution of

ines the ry interaction every co particle s

red and are accessed by the 

.   

185 



Secondary Organic Atmospheric Aerosols                                                                                  Daniel A Lack 

0 50 100
0

50

100

150

250

300

350

200

0 50 100 150
0

100

200

300

400

500

0 50 100
0

150

300

450

750

900

1050

600

B1E04 B2E05bB1E06

Diameter /nm

 (
) /

nm
)

(cm  min ) (cm  min ) (cm ) 

dN

 
 

Figure 6.2, Experimental (fine line) versus Modelled (bold line) EOE Aerosol 
Profiles for Selected Model Development Experiments using Fixed 
Coagulation Coefficient.   
The initial sodium chloride aerosol profile is shown (dashed line) to 
show the progress of coagulation through experiment and model runs. 

 

Table 6.2, Fitted Coagulation Coefficients for All Experiments.  Experiments 
B1E03, B2E04b B2E05a were omitted and used for model validation purposes. 

Exp.  ID K

cm
-3

 d
D

p 
(

coag
3 -1

± Kcoag 
3 -1

Mean [#] 
-3

B1E01 4.0E-07 5.0E-08 5.7E+03 

B1E02 7.8E-07 5.0E-08 2.5E+03 

3.5E-07 5.0E-08 1.4E+04 

B1E06 4.3E-07 5.0E-08 1.4E+04 

B1E07 4.0E-07 5.0E-08 8.4E+03 

B2E04a 2.2E-07 5.0E-08 5.0E+04 

5.0E-08 7.0E+04 

B2E06b 2.7E-07 5.0E-08 2.7E+04 

B2E07 2.0E-07 5.0E-08 3.8E+04 

B2E08 2.8E-07 5.0E-08 2.6E+04 

B1E04 5.0E-07 5.0E-08 3.5E+03 

B1E05 

    

B2E01a 2.6E-07 5.0E-08 4.1E+04 

B2E01b 2.8E-07 5.0E-08 2.0E+04 

B2E05b 2.8E-07 5.0E-08 2.2E+04 

B2E06a 1.8E-07 
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6.5 Results 

 

6.5.1. Coagulation Coefficient Evaluation 

 

For each model development (refer to Table 6.1) experiment the model was run using 

the initial experimental aerosol profile, a time step of 1 minute and a diameter resolution 

(bin width) of 1 nm.  A single coagulation coefficient (Kcoag) for the entire experiment 

was used to give the best model fit to the end of experiment (EOE) profile and TPN 

concentration.  The model simulates the EOE profiles well for all experiments using the 

fixed coefficients.  A comparison between experimental and modelled results, using a 

fixed coefficient, of the EOE profiles for three ‘model development’ experiments is 

shown in Figure 6.2.  The initial aerosol profile is also shown to illustrate the change in 

the aerosol size distribution due to coagulation.  The best-fit coagulation coefficients, the 

concentratio

in Table 6.2.   

 vary 

with the ex ns.  A  exponential ay 

function (6.7) was applied to the comb gulat y da  

ex ri ntal mean ntration

. 

estimated coefficient range (model uncertainty) and the mean particle number 

n across the duration of each ‘model development’ experiment are provided 

 

The fixed coefficient across all model development experiments was found to

perimental mean particle number concentratio n dec

ination of coa ion coefficients ( ta) and

me  number conce  (x data). pe
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Figure 6.3, Exponential Decrease (Including Uncertainty) of Fitted Coagulation 
Coefficients related to Mean of Experimental Particle Number 
Concentration 

Table 6.3, Ex

Uncertainty Exponential Decay Parameters    

 

 

ponential Decay Function Fits to Fitted Coagulation Coefficients 

 KOcoag A t1 R2

Central 2.3053E-07 5.3898E-07 7.7001419E+03 0.825 
+ 2.8053E-07 5.3898E-07 7.7001489E+03 0.775 
- 1.80527E-07 5.3898E-07 7.7001419E+03 0.860 
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gure 6.4, Experimental (bold) versus Modelled (fine) EOE Aerosol Profile, 

Including Uncertainty, for Three Model Validation Experiments and 
Three Model Development Experiments.   
Shaded areas indicate model uncertainty limits discussed in section 
6.5.6.  Table 6.4, and Table 6.5 show the IOA for all EOE profiles for 
all experiments. 
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6.5.6. 

 

 

This relationship between 

 /
-3

 

Including Uncertainty, for Selected Model Development Experiments 

coagulation coefficient and particle number concentration 

allows for coefficient calculation within a modelling run removing the need for the 

ca

 

lculation of unique coagulation coefficients for each interaction of coagulating 

particles.  The exponential decrease of the coefficients and coefficient ranges related to 

mean particle number concentrations is plotted in Figure 6.3.  The derived exponential 

decay function parameters for the decay function fits from Figure 6.3 are provided in 

Table 6.3.  Uncertainty in the coagulation coefficients were used to derive an uncertainty 

on the exponential decay fit and ins illustrated in Figure 6.3 and used to derive model 

uncertainty. 
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The variable coagulation coefficient method was implemented into the model, so that 

wi

s.  The model does appear to be under 

predicting the coagulation effect in experiment B1E06.  The variable coefficient method 

was applied to the three model validation experiments and favourable correlations were 

obtained between experimental and model EOE profiles for these experiments.   

 

Comparisons between experimental and modelled data for the TPN concentrations are 

shown in Figure 6.5 for the three model development experiments and Figure 6.6 for the 

three model validation experiments.  The overall performance is good although a trend 

towards over-prediction of TPN concentrations (under prediction of coagulation) 

appears to exist. 

 

6.5.2. Nume

mass but introduces diffusion into the particle numbers.  If this model was to be used as 

thin any model run, the TPN concentration of particles is calculated at each time step 

and used to calculate the coagulation coefficient.  The significance of this is discussed in 

section 6.6.  The variable coefficient method models the model development 

experiments well and a comparison between experimental and modelled data are shown 

in Figure 6.4 for three of these experiment

rical Conservation 

 

The aerosol modelling technique of dividing the aerosol distribution into discrete bins 

and moving particles to higher diameters (bin sectioning), as is applied in this model, is 

similar to the ‘full-stationary size section method’ for modelling aerosol distribution bins 

of Jacobson (1997) (refer to section 2.5.2.5).  This method of Jacobson (1997) conserves 
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a single “box” then conservation could be maintained over both mass and number 

concentrations.  This model has been designed for application to a range of 

environments and therefore requires the ability for the model to be applied to different 

grid cells as an individual box.  To achieve this compatibility across grid cells, while 

conserving mass, requires aerosol data to be in standard format across cells so averaging 

can take place without numerical diffusion.  The simplest way to achieve this is to fix 

bin diameters and allow a small amount of non-conservation in particle numbers within 

the single box of the model.   

 

To conserve mass and minimise non-conservation of numbers as new particles form, 

a ‘temporary bin’ of ‘new particle diameter ± half bin width’ is overlayed against the 

two adjacent model bins.  The fraction of mass overlapping into each adjacent bin is 

distributed into those bins.  Particle numbers due to this new mass are calculated with 

respect to the mid point diameter of the adjacent bins.  This procedure conserves mass 

while some gain or loss of particle numbers will occur.  The ‘temporary bins’ will be 

distributed across the two adjacent bins so that both particle gain and loss results. 

 

The fraction of TPN concentration that is due to particle number concentration based 

diffusion can be calculated at any point during a simulation.  This diffusion effect, for all 

experiments, is shown in Figure 6.7.  The maximum net loss of particle numbers over all 

experiments due to the mass conservation method was less than 4 % of the existing TPN 

concentration after four hours of modelling. 
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eally, the error due to numerical diffusion should be eliminated to provide the best 

modelling capability.  Some modelling met  considering only 

particle volume and calculation of numbers at the end of simulation.  This method was 

not applied in the model because it does not allow for progressive analysis of particle 

numbers.  Although numerical diffusion does exist in this model its magnitude can be 

easily quantified at any point in the simulation. 
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6.5.3. Sensitivity Analysis 

 

6.5.3.1 Time Step 

 

A sensitivity analysis of the model to the time step was performed, the results of 

which are displayed in Figure 6.8.  Comparisons of the modelled EOE profiles and TPN 

concentrations for a coagulation coefficient of 8.3E-09 cm3 s-1, a bin width of 1 nm and 

time steps of 0.5, 1, 2, 5, 10 and 20 minutes are shown.  There is no improvement in 

resolution of the EOE profiles at smaller time steps, and only a minor and acceptable 

loss of resolution at very large time steps (e.g.  20 minutes).  TPN concentrations also 

appear to show only minor loss of resolution at larger time steps. 
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Figure 6.8, Coagulation Model Sensitivity to Time Step 
Plot shows that model has minimal sensitivity to time step. 
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6.5.3.2 Bin Width 

 

The results of a sensitivity analysis for the bin width are summarised in Figure 6.9.  

Comparisons of the modelled EOE profiles and TPN concentrations for a coagulation 

coefficient of 8.3E-09 cm3 s-1, a time step of 1 minute and bin widths of 0.5, 1.0, 2.0, 5.0 

and 10.0 nm are shown.  There does not appear to be any improvement in resolution at 

bin widths less than 1.0 nm and only a minor resolution loss at larger bin widths up to 

5.0 nm.  From 5.0 nm and above the EOE profile is affected by the numerical diffusion 

problem.  As the bin width increases each of the wider bins includes more particle 

numbers.  These coagulate to form larger particles but due to the wider bin, not as many 

grow into a new bin.  The TPN concentration also reflects this, where particles grow but 

not as many grow sufficiently to exceed the bin from which they started.  This requires 

particle number recalculation to conserve mass and hence more particles are formed 

(refer to section 6.5.4 and Figure 6.10). 
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Figure 6.9, Coagulation Model Sensitivity to Bin Width 
 

Plot shows the model sensitivity to bin widths above 5 nm 
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6.5.4. Numerical Diffusion 

 

The change in numerical diffusion due to time step and bin width changes was 

investigated.  The diffusion error; the quantity of particles created/destroyed due to 

diffusion as a fraction of the current TPN concentration is displayed in Figure 6.10 for 

the time step and bin width sensitivity trials.  A change in time step resolution does not 

appear to affect diffusion (remaining stable across trials at a maximum of 1.5 % of TPN 

concentration at the end of the simulation) while a smaller bin width produces less 

diffusion error.  Increasing the bin width, which will save computation time, will 

increase diffusion error.  Overall, the extent of diffusion error, and the model itself, is 

insensitive to time step and bin width up to ~ 5 nm.  At larger bin widths the quality of 

the modelling of the EOE profile decreases and the effect of numerical diffusion is 

increased.   
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6.5.5. Chamber Experiment Comparison 

 

The variable coefficient method of the coagulation model provided high quality 

simulations of the experimental data.  Figure 6.11 to Figure 6.16 display these data as a 

two dimensional contour plot where the particle diameter evolution with time is 

displayed with the particle number concentration providing the contouring of the figures. 

These plots show the experimental change in diameter and particle number 

concentration of a particle distribution with time (top panel) is simulated 

 

well using the 

model on most occasions (bottom panel).  The model performance for EOE profiles 

(F

ntire duration of both experiment and 

model validation experiments and gives an indication of the capability of the model to 

simulate the common statistics of the experimental data.  An additional analysis of the 

MD, CMD, GSD, TPN concentrations and EOE profiles was performed using 

components of the statistical analysis of Willmott (1981) outlined in section 3.3 

(analysis data provided in Table 6.4,).  The correlation coefficients (excepting GSD) 

over all experiments confirm the model performance with approximately 95 % of 

igure 6.4), TPN concentrations (Figure 6.5 and Figure 6.6) and the three-dimensional 

contour plots is good although experiment B1E03 was not modelled as successfully as 

the other experiments (Figure 6.11). 

 

Statistics commonly applied to aerosol distributions, such as Count Mean Diameter 

(MD), Count Median Diameter (CMD) and Geometric Standard Deviation (GSD) were 

calculated (refer to section 3.2.6) over the e

simulation.  Figure 6.17 compares the experimental and modelled statistics for the three 
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correlations being above 0.9.  Correlations for the GSD were negative in all three cases 

although actual values did not appear to differ significantly.  It is encouraging that the 

IOAs for all analyses are generally above 0.7 although the model performance for 

experiment B1E03 is shown to be poor, both statistically and visually (Figure 6.11).  All 

EOE profiles have IOA values above 0.94, while those for the TPN concentrations are 

above 0.88 for experiments B2E04b and B2E05a.  All SKILL_V values (ignoring the 

problematic GSD) generally approach one indicating that the model and experimental 

standard deviations are similar.  The SKILL_R values for the EOE profiles are less than 

u ating t the 

average difference between model and experimental data are less than the standard 

d for the MD, 

CMD and GSD statistics show high variability indicating some difficulties in modelling 

these statistics consistently.  This coagulation model was developed using coagulation 

data from ultra-fine sodium chloride aerosols which are not restricted to being log-

normally distributed; because of this the GSD, a statistic for log-normally distributed 

data (defined in section 3.2.6), is not modelled well in most simulations.   

 

Correlations and IOAs for all model development experiments are given in Table 6.5 

and show consistently high IOAs for all but the GSD statistic.  Considering both the 

visual and statistical comparisons of the modelled and experimental data this simplified 

coagulation model performs well.  Additional plots showing model and experimental 

comparisons are presented (App. Figure 1 - App. Figure 18) in Appendix 1.  All visual 

comparisons of modelled aerosol statistics (MD, CMD, GSD) are also provided in 

Appendix 1 (App. Figure 19 - App. Figure 24). 

nity, as are most of the TPN concentrations SKILL_R values, indic  tha

eviation of the observations for these analyses.  The SKILL_R values 
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Figure 6.11 - Figure 6.16, Experimental (Top Panel) and Modelled (Bottom Panel) 
Total Experiment Progression for Selected Experiments 

 
Figure 6.11, B1E03 Coagulation Contour Plot- Model Development 
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Figure 6.12, B2E04b Coagulation Contour Plot – Model Development 
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Figure 6.13, B2E05a Coagulation Contour Plot – Model Development 
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Figure 6.14, B1E04 Coagulation Contour Plot – Model Validation 
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Figure 6.15, B1E06 Coagulation Contour Plot – Model Validation 
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Figure 6.16, B2E05b Coagulation Contour Plot – Model Validation 
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Table 6.4, Statistical Evaluation Data for the Model Validation Experiments 
ental versus Modelled TPN Concentrations, Median 

Diameter, Count Median Diameter, Geometric Standard Deviation 
and EOE Profiles)  
Most significant statistics are highlighted in grey. 

EXP

(Experim

Data Set EXP_MEAN MOD_MEAN EXP_SD MOD_SD R IOA SKILL_V SKILL_R
B1E03 TPN 8760 10680 1150 664.8 0.8938 0.5602 0.578 1.757 

 MD 42.42 39.55 0.9839 0.8201 0.9574 0.4211 0.8336 2.929 

 CMD 39.47 37.67 0.9924 0.7951 0.9629 0.5727 0.8013 1.842 

 GSD 1.452 1.433 0.01035 0.00509 -0.7903 0.3348 0.4916 2.284 

 EOE 42.42 39.55 0.9839 0.8201 0.967 0.9519 1.352 0.5128 

          

B2E04b TPN 16610 16980 852.3 678.8 0.9805 0.9241 0.7963 0.5061 

 MD 63.47 61.55 1.334 0.8448 0.9892 0.6285 0.6331 1.486 

 CMD 58.85 58.08 1.35 0.8172 0.9894 0.8359 0.6055 0.6986 

 GSD 1.476 1.491 0.00696 0.00266 -0.976 0.3012 0.382 2.535 

 EOE 70.05 71.44 90.84 92.46 0.9904 0.995 1.018 0.1418 

          

B2E05a TPN 54140 58810 7197 6561 0.9792 0.8868 0.9116 0.6817 

 MD 59.95 56.92 3.13 2.347 0.9894 0.7658 0.7499 1.01 

 CMD 54.32 51.17 3.151 2.159 0.9871 0.7409 0.6852 1.057 

 GSD 1.566 1.623 0.02106 0.00325 -0.9703 0.3282 0.1544 2.932 

 EOE 191.6 197.3 251.5 248 0.9808 0.9902 0.986 0.1959 

          
KEY: TPN = TPN Concentrations, MD = Median Diameter, CMD = Count Median Diameter, GSD = Geometric Standard 
Deviation, EOE = End of Experiment profile, EXP = Experimental, MOD = Model, MEAN = Arithmetic Mean, SD = Standard 
Deviation, R = Correlation Coefficient (0 = no correlation, 1 = perfect correlation),  IOA = Index of Agreement (0 no agreement, 1 = 
excellent agreement), SKILL_V = Shows skill if equal to 1, SKILL_R = Shows skill if less than 1  
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Table 6.5, Correlation and IOA Data for Dependent Experiments (Experimental 
sus Modelled TPN Concentrations, Median Diameter, Count 

Median Diameter, Geometric Standard Deviation and EOE Profiles). 
Exp

ver

Statistic R IOA  Exp Statistic R IOA  Exp Statistic R IOA

B1E01 8144 TPN 0.8872 0.7027  B1E02 TPN 0.8563 0.564  B1E04 TPN 0.9119 0.

 MD 0.9449 0.577   MD 0.9117 0.641   MD 0.9585 0.7028 

 0.976 CMD 0.9473 0.8502   CMD 0.9108 0.8348   CMD 0.9574 

 5229 GSD 0.7388 0.277   GSD 0.7696 0.1804   GSD 0.5288 0.

 9968 EOE 0.9983 0.9984   EOE 0.9659 0.9778   EOE 0.9951 0.

              
B1E05 0.674 TPN 0.9856 0.8761  B1E06 TPN 0.9415 0.6716  B1E07 TPN 0.9099 

 0.5998 MD 0.9737 0.7115   MD 0.9614 0.6254   MD 0.9316 

 6396 CMD 0.9741 0.7903   CMD 0.9551 0.6707   CMD 0.9142 0.

 9864 GSD 0.1378 0.2778   GSD 0.8979 0.791   GSD 0.9938 0.

 EOE 0.9597 0.9447   EOE 0.9836 0.9663   EOE 0.9854 0.9546 

              
B2E01a TPN 0.9872 0.8148  B2E01b TPN 0.9971 0.9941  B2E04a TPN 0.9608 0.8547 

 0.7363 MD 0.9943 0.7446   MD 0.9958 0.8671   MD 0.9829 

 0.7365 CMD 0.9928 0.7115   CMD 0.9959 0.9805   CMD 0.9814 

 GSD 0.9422 0.2114   GSD -0.6993 0.09455   GSD -0.9646 0.2676 

 0.9927 EOE 0.9621 0.973   EOE 0.9902 0.9946   EOE 0.9855 

              
B2E05b 0.99 0.9437  B2E06a TPN 0.9828 0.9256  B2E06b TPN 0.9938 0.87 TPN 

 MD 0.9958 0.6679   MD 0.9913 0.8322   MD 0.996 0.7369 

 8346 CMD 0.9957 0.8143   CMD 0.9896 0.7987   CMD 0.9944 0.

 GSD -0.9579 0.3344   GSD -0.9799 0.2964   GSD -0.9631 0.2901 

 9928 EOE 0.9882 0.9939   EOE 0.9743 0.9857   EOE 0.9877 0.

              
B2E0  7 TPN 0.9263 0.8915  B2E08 TPN 0.9407 0.792     

  MD 0.9638 0.7918   MD 0.9666 0.6921     

 CMD 0.9596 0.7548   CMD 0.963 0.6986      

  GSD -0.9284 0.2429   GSD -0.9345 0.2957     

  EOE 0.9767 0.9848   EOE 0.9687 0.9837     

KEY: TPN = TPN Concentrations, MD = Median Diameter , CMD = Count Median Diameter, GSD = Geometric Standard Deviation, EOE 
= End o , IOA = Index of Agreement (0 no 
agreeme

f Experiment profile, R = Correlation Coefficient (0 = no correlation, 1 = perfect correlation)
nt, 1 = excellent agreement) 
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6.5.6. Uncertainties 

 

Uncertainties within the model were determined from the uncertainty in the 

coagulation coefficient initially fitted to each experiment (section 6.5.1).  The range of 

coefficients that gave an acceptable fit to the EOE profiles was estimated.  An 

exponential decay function fitted to these coefficients.  A decay function was also fitted 

to the upper and lower ranges to provided an uncertainty for the original exponential 

decay function fit (Figure 6.3).  The model was run at the upper and lower uncertainties 

and these limits are shown in the relevant figures as the shaded grey region flanking the 

dashed lines.  These uncertainty limits incorporate the instrument uncertainty and 

variability from temperature and humidity differences between experiments. 
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6.6. Discussion 

processes that act on atmospheric aerosol 

ude in aerosol models. Representations 

l. 1994; Piskunov and Golubev 2002; 

ltra-fine aerosol has been developed and validated using sodium 

coagulation 

quation and empirical coagulation coefficients for continuum and non-continuum 

odel capable of predicting the 

icient for 

e best model fit to the EOE 

ing results and it was found that the variability 

r 

ction was 

ulate coagulation coefficients at every time step of the model, improving 

decay fit include both instrument uncertainty 

pirical fit to the data rather than a theoretical relationship. 

 

Coagulation is one of the dominant 

(Jacobson 1997) and is therefore important to incl

of coagulation can be complex (Jacobson et a

Sandu 2002) and inclusion of these into regional models can require significant 

computational resources.  In response to this, a simplified yet high resolution approach 

to coagulation of u

chloride aerosol chamber experiments.  Simplification of the discrete 

e

regime diffusion kinetics give a simplified coagulation m

evolution of inert sodium chloride aerosol.  Initially, a single coagulation coeff

all interactions for the entire simulation was used to give th

profiles.   

 

This method produced encourag

between experiments of the coefficient was linked to the mean particle numbe

concentration for each experiment by an exponential decay function.  This fun

used to calc

model performance.  Uncertainties in this 

and the differences in the physical processes of the coagulating systems.  The decay fit is 

an em
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Using the variable coefficient model, the EOE profiles and TPN concentrations for 

most experiments were modelled well compared to the experimental results and 

considering the model uncertainty.  Correlation and IOA calculations also showed good 

agreement between modelled and experimental data for both the model development and 

the model validation experiments.  Most experiments modelled compared favourably to 

the experimental data although some experiments showed degrees of coagulation under 

prediction using the variable coefficient technique.  The standard statistics applied to 

aerosol distributions (e.g.  CMD, GSD) were also modelled well for most experiments.   

 

The exponential dependence of the variable coagulation coefficient is an empirical 

surrogate for the standard coefficient corrections applied to Brownian based diffusion in 

the

 method also removes the need for 

calculating individual coefficients for each particle interaction; for Brownian diffusion a 

co

plified model structure. 

 continuum regime (e.g. Fuchs 1964; Dahneke 1983) to account for the transition and 

free molecular regimes (refer to section 2.5.2.2).  The uncertainty within the decay fit 

also incorporates the effect of temperature and humidity differences between 

experiments.  This method improves the representation of the coagulation method while 

maintaining the simplicity of the approach.  This

efficient is calculated for every interaction using the Stokes-Einstein relation (Seinfeld 

and Pandis 1998, p474).  The representation of coagulation is simplified significantly by 

removing the bulk of this coefficient calculation process.  A description of the model is 

provided as pseudo code in Figure 6.18 and provides a sim
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COAGULA O

 
OPEN & READ 
   initial conditions (IC) file 
      - contains simulation duration 
                 model time step 
                 coagulation coefficient 
END 
 
OPEN & READ 
   initial aerosol distribution file 
      - contains initial aerosol distribution 
        over a bin width specified in IC file 
END 
 
CALCULATE 
   the diameter of particle formed by combining all possible particles together 
      - e.g. Particle range = 1 - 200nm with a bin width of 1nm 
             3nm + 4nm = new particle; 3nm + 5nm = new particle, 3nm + 6nm... 
END 
 
FOR EACH TIME STEP (i) 
 
   CALCULATE 
      coagulation coefficient 
         - calculate total number concentration of all of particles 
         - coag_k(i) = Yo + (A * EXP(-(tot_counts / T))) 
           this exponential decay equation related to chamber experiments 
   END 
 
   FOR EACH BIN (j) 
 
      FOR EACH INTERACTION OF BIN j WITH OTHER BINS 
 
         IF BIN(j) AND OTHER BIN [BIN(k)] BOTH HAVE PARTICLES IN THEM 
            
            
            number lost from bin(j) = num_gain 
            number lost from bin(k) = num_gain 
 
            UPDATE 
               particle number arrays of bin(j), bin(k) and new bin 
               particle mass arrays of bin(j), bin(k) and new bin 
            END 
 
            IF NEW BIN DIAMETER IS > MAXIMUM THEN 
               lose mass and number 
            END 
 
            IF NEW PARTICLE GROWS BUT NOT ENOUGH TO JUMP INTO A NEW BIN THEN 
               distribute numbers and mass accordingly 
            END 
 
            IF NEW PARTICLE GROWS ENOUGH TO JUMP INTO A NEW BIN THEN 
               distribute numbers and mass accordingly 
            END 
         END 
      END 
   END 
 
   FOR EACH BIN (j) 
      where a new mass has been added at a known diameter 
      RECALCULATE PARTICLE NUMBERS RELATED TO THIS MASS TO BIN MID POINT DIAMETER 
         - this conserves mass 
      END 
   END 
END 

TI N MODEL PSEUDO CODE 

rate of gain to new bin = coag_k(i) * bin(j) * bin(k) 
number gain to new bin  = rate of gain * minutes 

Figure 6.18, Coagulation Model Pseudo Code 
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The uncertainty in the exponential decay function fit provides an estimate of model 

uncertainty.  Within these uncertainty limits, the model represents experimental reality 

well, although a propensity does exist for coagulation to be slightly under-predicted.  

Implementation of the variable coefficient method was possible due to the large range of 

sodium chloride chamber experiments available.  If the variable method was to be 

applied to other systems, decay functions based on the particular system would be 

required.  This would incorporate temperature and humidity variations over ambient 

ranges to improve the model application.  Investigations into the effect of aerosol type 

and size, temperature and humidity may be necessary to refine the correlation between 

particle number concentration and the coagulation coefficient.   

 

The model showed little sensitivity to model time step, is capable of high resolution 

representation of the aerosol (e.g.  1 nm) and uses a simple method of bin sectioning.  

This bin sectioning method introduces a small quantity of error due to numerical 

diffusion although the method is simple and diffusion error is quantifiable and 

minimised by high resolution and large time steps. 

 

This model has shown to produce good results based on the empirical development 

strategy and developmental data set, and it is suggested that the efficiency improvements 

introduced by the approaches used in developing this model could provide an efficient 

ultra-fine coagulation modelling for atmospheric models. 
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7 SPLAT: An Empirical Secondary Organic Aerosol Dynamics Model 

Chapter Seven 

SPLAT: An Empirical Secondary Organic Aerosol 

 

Dynamics Model 
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7.1. Introduction 

 

Coagulation is  of the gnificant amical processes that acts on atmospheric 

.  There everal er proce that affe  aerosol population including 

on, conde on and aporatio mbining representations of these processes 

 model fo A dyna  understanding of how an SOA population 

with tim otentia ses coul de ass ent of t fect of SOA on 

nd hea is chapter descri  develo ics m del; 

(Secondary Production and Loss of Aerosol with Time).  The aims for this 

el, in high resolution, the most critical aspects of SOA formation 

and growth (size distribution, number concentration and aerosol behaviour with time) 

and (2): to minimise the computational burden of this modelling through simplification 

so that it can be incorporated into regional models.  The general processes incorporated 

into SPLAT have been reviewed in section 2.5.2.  SPLATS coagulation module is 

described in Chapter 6 while the development of condensation, evaporation, nucleation 

and mass conservation methods are detailed in this chapter.  The overall development 

and validation of SPLAT used SOA chamber experiments, the details of which are 

provided in section 3.1 and summarised in this chapter.   

 

SPLAT is a box model that provides high resolution aerosol dynamics output from 

SOA mass input.  The mass input can be derived from individual cells of an existing 

modelling domain where SOA mass has been modelled (e.g. work presented in Chapter 

5) or mass determined from SOA experiments or field measurements. 

 one  si  dyn

particles  are s oth sses ct an

nucleati nsati ev n.  Co

into one r SO mics provides an

evolve  s e.  P l u d inclu e mss he ef

climate a lth.  Th b ees th p ent of a SOA dynamm o

SPLAT 

model were (1): to mod
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7.2. SOA Modelling Review  

A detailed review of modelling the dynamics of SOA is provided in Chapter 2, 

section 2.5.2. 

 

 

7.3. Experimental  

 

Details of the chamber facilities and equipment used are given in section 3.1.  A 

summary of experiments used in the development and validation of the model is 

provided in Table 7.1.  Of these thirteen experiments eight were used to develop the 

nucleation module while ten were used to validate the model.  Some experiments listed 

in Table 7.1 could not be used for model validation purposes due instrument problems 

during measurement.  Some of this data could be used, however, for other aspects of 

model development. 

 

216 



Secondary Organic Atmospheric Aerosols                                                                                  Daniel A Lack 

Table 7.1, Smog Chamber Experiment Details for Nucleation Module Development 
AT Modelling. 

Exp.  ID NO 
(ppb) 

NO2 
(ppb) 

NOX 
(ppb) 

Toluene 
(ppb) 

m-Xylene 
(ppb) 

Propene 
(ppb) 

and SPL

S4 †E02 94 - 94 492 - - 
S4

‡†

‡

‡ 113 
509 

S5E04‡† 94 5 99 - 101 - 
S5E06† 98 5 103 98 - - 
S5E07‡† 194.5 7.5 202 - 97 - 

‡† 0.5 100.5 198 - - 
208.5 92 82 - 

E03‡† 101 - 101 61 - - 
S4E04 197 4 201 86 - - 
S4E05‡ 95 2 97 82 - 100 
S4E07 100 - 100 - - 244 
S4E08† 95 2 97 - 88 - 
S4E09 102 2 104 - 88 
S5E03‡ 94.5 3.5 98 - - 

S5E09 100 
S5E10‡† 203.5 5 
‡Used for extracting nucleation profile 
†Used for model validation 
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7.4. Model Description 

 

nown 

SO ass is used to drive the model.  SOA chamber experiments, field data or models 

 

homogenou

of SOA.  T r weight, surface tension etc.) are 

 from values used in previous studies and other literature data.  Future 

development of the SPLAT ‘gas-phase’ format is planned which would require the 

 the products of gas-pha h al mechanisms.  SPLAT contains 

nucleation, condensation, evaporation and coagulation components.  SOA dynamics is 

modelled as a series of discrete bins having a known diameter range and mid-point 

ameter.  

s:

7.4.1. Introduction 

 

SPLAT exists in what is described as a ‘condensed mass’ format, where a k

A m

that predict SOA mass can provide this input.  In this format, SOA is assumed to be a

s mixture of a surrogate compound that represents the average composition 

he properties of this surrogate (e.g. molecula

estimated

individual analysis of se c emic

di

 

Note  

  ‘Particle assumptions’ refer to the assumptions that particles are spherical and 

have unit density. 

is section describes the ‘condensed m ’  Th ass format. 

218 



Secondary Organic Atmospheric Aerosols                                                                                  Daniel A Lack 

7.4.2. Mass input 

 

SOA mass input, as SOA mass concentration, as a function of time, is derived from 

modelled estimates, field data or experimental data.  The SOA mass concentration, from 

the input data, corresponding to each time step is added to the existing SOA mass.  This 

mass concentration is known as the model condensable mass concentration.   

 

e fact that the instruments measured over a three minute 

period.  The average of these profiles forms a representation of a SOA nucleation 

nu

le nucleating 

7.4.3. Nucleation Module 

 

An empirical nucleation module was developed using data from several SOA 

chamber experiments.  The first appearance of a particle number profile above the 

background, for all experiments, was fitted to a log-normal function.  Figure 7.1 presents 

these nucleation events, individual and average log-normal fits and the log-normal 

parameters for each nucleation event analysed.  The profiles vary slightly between 

experiments (approximate mean diameter varying from 4 nm to 10 nm) due to precursor 

type, concentration and th

mber distribution.  Instead of assuming a fixed diameter for nucleated particles (e.g. 

3.5 nm, Binkowski 1999) the median diameter and standard deviation (i.e. profile shape, 

not size) of this average log-normal profile is applied to all nucleation events.  The 

average log-normal profile is divided into discrete bins according to the user specified 

bin width and the actual number concentration determined by the availab

219 



Secondary Organic Atmospheric Aerosols                                                                                  Daniel A Lack 

mass concentration across these discrete bins (using the particle assumptions).  The 

model also allows for the introduction of different log-normal and other forms of 

nucleation profiles as well as pre-existing aerosol.  The application of this nucleation 

technique in this thesis assumes homogenous nucleation of organic compounds.  This is 

a phenomenon that was regularly observed in our experiments but it is uncertain if this is 

a common occurrence in the atmosphere (Aalto et al. 2001; Mäkela et al. 2001).   

 

Figure 7.1, Example Nucleation Events, Log-Normal Fitting Parameters and Plots. 

Differences between the average and observed profile will vary due to 
e too slow for the 

nucleation event*) and the VOC system. 
Log-normal 
Parameters 

Nucleation Plots 

 For each event, a distinct ‘whole’ distribution was observed. 

instrument timing (3 minute sample time may b

Log-normal 
Parameters 

Nucleation Plots 

S4E03 
Yo 0.0 
xc 6
w 0 6 
A 5 

S4E04 
Yo 0.0 
xc 6.93 
W 0.1416 

 

.59 

.17
32.8 A 338.00  

 
S5E03 S5E06*

Yo 0.0 

W 0.030 

 

Yo
xc 6.33 
w 
A 138.7  

 0.0 

0.048 
xc 7.36 

A 23.02  

 
S5E10

Yo 0
xc 7
w 
A  

Average 
.0 
.30 

0.106 
353.26 

Yo 0.0 
xc 7.0 ± 0.5 
W 0.11 ±  0.07 
A 287 ± 200  

  
* ‘YO’, ‘XC’, ‘W’ and ‘A’ refer to the log-normal function fitting parameters. 
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In further developments of the model, this nucleation module could be used as a 

method for organic or inorganic nucleation events, depending on the type of nucleation 

included in the model. 

 

A SPLAT nucleation event occurs when the model condensable mass concentration 

accumulates to the super-saturation mass concentration (a trigger for nucleation), which 

is set by the user as some ratio of the saturation mass concentration.  The difference 

between the model condensable mass concentration and the saturation mass 

co

iour, it is 

possible that this point could be determined from SOA chamber experiments.  An 

example of this was presented by Kulmala et al. (1998) where a super-saturation of 107 

molecules of condensing organic species per cubic centimetre of air was found to be the 

low r limit for nucleation. 

between the number of particles nucleating and the other model processes. 

ncentration is then distributed across the empirical nucleation profile using the particle 

assumptions.  The amount of mass concentration nucleated is removed from the model 

condensable mass concentration and the next model event begins (condensation, 

evaporation, coagulation or time step).  While, in this study, the super-saturation ratio 

(nucleation ratio) is adjusted manually to model observed nucleation behav

e

 

SPLAT nucleation is also controlled by a high resolution nucleation time step.  

During nucleation events, the time step is reduced allowing super-saturation to be 

approached more accurately.  This process also allows coagulation, evaporation and 

condensation to occur within the nucleation time step, which establishes a balance 
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7.4.4. Condensation / Evaporation Modules 

 

Condensation and evaporation are simplified using a simplified condensation 

equation.  The ideal saturation mass concentration is equivalent to the saturation vapour 

pressure of a species over a flat surface.  The Kelvin effect is applied to each of the 

model bins using this ideal saturation mass concentration to calculate the saturation mass 

concentration of the condensing species for a bin of particles having a specific mid-point 

diameter.  This ‘bin saturation mass concentration’ differs from the ideal saturation mass 

concentration due to curvature of the particle and is given by (7.1). 

 

ij

wjj

rTR
M

jji eSMSM ×××

××

×= ρ
σ2

][][  

(7.1) 

 

where [SM]j is the ideal saturation mass concentration of species j, [SM]ji is the 

saturation mass concentration of species j in bin i, r the mid-point radius of particles in 

bin i, σ the surface tension of species j, MW the molecular weight of species j, T the 

temperature and R the universal gas constant.  In the ‘condensed mass’ format ‘species’ 

refers to a theoretical SOA having an average composition of SOA species.  

 

A visual representation of the ideal saturation mass concentration [SM]j, mass 

concentration above saturation (excess mass) and the Kelvin effect is given in Figure 

7.2.  The horizontal bold line represents an example ideal saturation mass concentration; 

the saturation concentration over a flat surface.  The fine horizontal line represents an 
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example mass concentration that exists in this example system.  Over a flat surface the 

concentration driving force to condensation is given by the difference between the fine 

and bold lines.  When surface curvature is considered, using the Kelvin effect (7.1) the 

The driving f

lines, giving  and potential 

evaporation if this difference is negative. 

 

Condensation and evaporation will only occur if particles exist in a bin.  The 

condensation rate per bin (7.2) is the product of the condensable mass concentration 

above saturation mass concentration (excess mass concentration = [Mass]j – [SM]ji), bin 

surface area (SAi) and a condensation coefficient (Kcond).  Excess mass concentration is 

the driving force while surface area provides the availability for condensation. 

 

curved line provides the saturation mass concentration for a specific particle diameter.  

orce can then be calculated by the difference between the fine and curved 

 potential condensation if this difference is positive

[ ] [ ]( )jiiicond
iT

cond SMMassSAK
D

D
−××=

 

(7.2)

 

where SAi is the surface area of particles in bin i and [Mass] the condensable mass 

concentration of species j.  Kcond is user defined and, for the ‘condensed mass’ format is 

set to some large value to exaggerate the condensation rate (because in the ‘condensed 

mass mode’ the model input is SOA mass concentration not gas phase concentration).  

In the ‘gas-phase’ format of SPLAT, Kcond would be derived from chamber experiments.   
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As discussed in section 6.1, the system of particles being investigated in this 

modelling study is best represented by the transition regime of particle diffusion; a 

regime that exhibits aspects of both continuum and free molecular regimes.  This 

module introduces a method of condensation that is proportional to the surface area of 

the group of particles of concern.  This surface area assumption is valid for a free 

molecular regime, however, in seeded SOA systems of similar size distributions to the 

SOA experiments performed in this project, Kerminen et al. (2000) found that the 

condensational sink for non-volatile organics is proportional to the particle surface area.  

The SPLAT representation of condensation also assumes an accommodation coefficient 

of one, implying that all molecules of condensing species that make contact with the 

condensable surface are adsorbed.  These assumptions are discussed further in section 

7.8.   

 

The condensation rate for a bin multiplied by the time step gives the maximum mass 

concentration that that bin can accept during that time step.  If the sum of all of these 

potential condensation concentrations (desired condensation mass concentration) is 

smaller than the excess mass concentration (the difference between the bin saturation 

mass concentration and the model mass input) then all bins will receive the condensation 

mass concentration they can theoretically accept.  If this occurs some of the excess mass 

concentration will remain.  If the desired condensation mass concentration of all bins is 

larger than the excess mass concentration then there is not enough condensing mas

concentration to satisfy the ‘demand’ of all bins.  The excess mass concentration is then 

ma s concentration will remain at the end of the time step.   

s 

distributed across the bins according to the relative ‘demand’ of each bin and no excess 

s
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Figure 7.2, Example Ideal Saturation Mass, Bin Saturation Mass Profile and 
Driving Force to Condensation. 
The concentration difference between A and B provides the 
evaporative or condensation driving force in that bin. 
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7.4.5  Coagulation Modul. e 

agulation parameters needed for ‘within simulation’ coefficient 

calculation for SOA (refer to section 6.6).  The ‘fixed coefficient method’ was applied in 

the absence of s

 

 

 

The coagulation model described in Chapter 6 was implemented into SPLAT as the 

coagulation module.  Sufficient smog chamber experiments were not available to 

develop the variable co

 thi  data. 
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Figure 7.3, Example of SPLAT Numerical Diffusion: Particles Either Created or 
Destroyed (Numerical Diffusion) to Maintain Mass Conservation. 
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7.4.6. Numerical Conservation 

 

The methods of numerical conservation applied within SPLAT have been 

summarised in Chapter 6, section 6.5.2, which describes the development of the 

coagulation module and numerical conservation techniques used in both the coagulation 

model and SPLAT. 

 

Total mass concentration within SPLAT is conserved whereas total number 

concentrations are not.  An example of the gain and loss of particle numbers due to 

numerical diffusion, including instantaneous (Figure 7.3a) and overall change (Figure 

7.3b) for a t  order of 

+ 2.3E+03 cm-3.  This number concentration represents ~ 1.3 % of the maximum particle 

number concentration in the simulation.  A bias towards creation of particle numbers to 

conserve mass concentration appears to exist (Figure 7.3), however in other systems 

diffusion could cause a net loss, indicating that diffusion error could be positive or 

negative depending on the individual simulation.  Figure 7.3 also reveals that most 

diffusion results at the early stages of the simulation where the highest concentration of 

low diameter particles occurs.  Large instantaneous values (e.g.  ± 100) have been 

removed from Figure 7.3a for plot clarity.  The presence and effect of diffusion is 

discussed further in section 7.8.   

hree hour simulation of SOA growth produced a diffusion error the
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7.5. Sensitivity Analysis 

 

• uncertainty analysis of the observations used to compare to the model 

 

• statistical evaluation of the degree of overlap between model and 

observations uncertainty bands. 

 

The sensitivity of the model to the seven model parameters is addressed in this 

section while uncertainty and statistical analysis is performed in section 7.7.   

 

 

Three model performance criteria have been formulated to assist in development of 

scientifically robust models (Meng et al. 1998).  Model development and evaluation 

guidelines incorporate: 

 

• sensitivity analysis of the model parameters 
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7.5.1. Time Step 

 

The effect of time step variation on TPN concentrations and the EOE profiles appears 

to be minimal (Figure 7.4).  A minor amount of variability in the TPN concentrations 

and EOE profiles is observed due to the different time steps giving variable time periods 

for the processes of condensation, evaporation and coagulation (discussed in section 

7.4.3).   
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Figure 7.4, SPLAT Sensitivity to Time Step. 
Plot shows that model has only a small sensitivity to time step. 
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7.5.2. Bin Width 

 

The model shows high sensitivity to bin widths of 3 nm and above (Figure 7.5).  The 

dramatic change in model behaviour is due to numerical diffusion.  When particles do 

not grow to a size sufficient to move into a higher bin the particle number concentrations 

must be recalculated back to the original mid point diameter, causing diffusion 

(discussed in section 6.5.2).  This move is harder to achieve at larger bin widths. 
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Figure 7.5, SPLAT Sensitivity to Bin Width. 
Plot shows the significant model sensitivity to bin widths above 3 nm. 
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7.5.3. Nucleation Ratio 

 

The nucleation ratio is a significant parameter within the model in the ‘condensed 

mass’ format and shows a linear sensitivity.  This parameter determines the number of 

particles formed in the nucleation events.  The response of the model to a change in the 

nucleation ratio shows expected ‘linear’ behaviour: larger nucleation ratios enhance 

particle production and provide less mass for condensation thus restricting growth 

Figure 7.6) 
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Figure 7.6, SPLAT Sensitivity to Nucleation Ratio. 
tes to the overall distribution 
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Plot shows the nucleation ratio contribu
shape and total particle numbers. 
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7.5.4. Condensation Coefficient 

ct model performance, whereas 

CC3 and CC4 restrict condensation of the mass and allow more nucleation events to 

occur (Figure 7.7). 

 

 

In the ‘condensed mass’ format of SPLAT a SOA mass concentration profile is used 

to drive the model.  This profile is the mass that forms SOA within the experiments 

performed (or field measurements or SOA mass modelling).  In the ‘condensed mass’ 

format the condensation coefficient is set to exaggerate the condensation flux to ensure it 

all condenses.  Coefficient values for sensitivity runs CC1 and CC2 exceed the 

maximum coefficient value and therefore do not affe
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Figure 7.7, SPLAT Sensitivity to Condensation Coefficient. 
Plot shows the condensation coefficient below the threshold value 
contributes to the overall distribution shape and total particle numbers. 
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7.5.5. Molecular Weight 

 

The molecular weight parameter used in SPLAT is that of the condensing species.  In 

the condensed mass mode of SPLAT the species is assumed to be a theoretical species 

having properties that are an average of known SOA species.  Assumed SOA molecular 

weights in previous studies have include 150 g mole-1 (Bowman et al. 1997; Schell et al. 

2000) and 140 g mole-1 ('higher alkanes' and 'higher alkenes', Schell et al. 2000).   

To obtain an upper limit for model sensitivity to molecular weight it was assumed 

that the largest SOA-forming species from a m-xylene system would be di-nitrocresol 

(198 g mole-1), while the molecular weight range for the toluene system will be 14 

atomic mass units less (184 g mole-1).  The lowest molecular weight species found by 

Jang and Kamens (2001) in toluene derived SOA was glyoxal (58 g mole-1).  Within 

these molecular weight limits there is little sensitivity to a change in the molecular 

weight (Figure 7.8).  The dual aerosol mode at large molecular weight values (i.e.  

MW4: 250 g mole-1) is due to restricted growth in the smaller diameters.  At high 

molecular weights, large saturation masses are required for lower diameter particles 

diameters gr

(according to the Kelvin equation (7.1)), resulting in a bi-modal distribution as the larger 

ow faster than the smaller diameters.   
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Figure 7.8, SPLAT Sensitivity to Molecular Weight. 
Plot shows the low sensitivity of the model to molecular weight at 
realistic molecular weight values. 
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7.5.6. Surface Tension 

 

The surface tension parameter used in SPLAT is that of the species condensing to the 

particle distribution.  Bowman et al. (1997) assumed a surface tension of 25.0 dynes cm-

1 for all SOA.  For this sensitivity analysis the surface tension was restricted to the range 

of 25.0 to 45.0 dynes cm-1 based on values for products of m-xylene and toluene 

oxidation (CRC Handbook and Chemistry and Physics, 1977-78).  Within this range 

there is little sensitivity to surface tension (Figure 7.9). 
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Figure 7.9, SPLAT Sensitivity to Surface Tension. 
Plot shows the lack of model sensitivity to surface tension. 
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7.5.7. Log-Normal Nucleation Profile 

og-n ation rov  init ’ ch ics o  

aerosol distribution.  The average log-normal profile and its uncertainty limits (section 

7.4.2) were used to determine the possible model range of both TPN concentrations and 

size distributions.  The higher uncertainty limit produces a larger initial distribution so 

the nucleated mass is distributed over a larger range resulting in fewer particles.  

profiles are a result of ial mass distribution (Figure 7.10). 
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Figure 7.10, SPLAT Sensitivity to Log-Normal Nucleation Profile. 
Plot shows the final modelled profile using the upper, middle and lower 
uncertainty limits of the nucleation profile.  The contribution of the 
profile to the overall distribution shape and total particle numbers is 
shown. 
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7.6. Numerical Diffusion in SPLAT 

 

A numerical diffusion study was performed on the model sensitivity trials.  Diffusion 

was calculated as the fraction of the current TPN concentrations that is due to numerical 

diffusion.  A positive diffusion indicates particles have been created, while a negative 

diffusion indicates a diffusion loss of particles.  For many of the sensitivity trials total 

diffusion error is no more than 10 % of the TPN concentration.  Bin width is an 

exception, which shows a high sensitivity at 3 nm and above (Figure 7.11).  This large 

error is due to particles that do not grow to a size sufficient to move into a higher bin.  

When this occurs, the particle number concentrations must be recalculated back to the 

original mid point diameter, causing diffusion.  This diffusion is dependent on the initial 

nucleation profile, which, if very narrow, will result in a limited number of bins covering 

the full nucleation profile range.  The bin width parameter was restricted to a maximum 

of 2 nm, for the log-normal nucleation profile used in this study.  Very small 

condensation coefficients slow the growth of the aerosol distribution creating large 

diffusion error.  Fine time steps also appear to create more error (e.g. sensitivity trial 

TS1 in Figure 7.4 and Figure 7.11), whereas minimal error at large time steps occurs, 

further supporting the suggestion from the sensitivity analysis in section 7.5.1 that large 

time steps will have a minimal impact on the resolution of the modelled data. 
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Figure 7.11, Numerical Diffusion Variability during Sensitivity Analysis. 
Aerosol number fraction refers to the particles created or destroyed 
due to diffusion as a fraction of TPN concentration at a particular 
point in time. 
 

BW4 BW5

C
r

ac
tio

 

238 



Secondary Organic Atmospheric Aerosols                                                                                  Daniel A Lack 

Table 7.2, Model Parameters Common to All Simulations 
 

Experiment 
Type 

Surface Tension 
 

(dynes cm-1) 

Molecular 
Weight 

(g mole-1) 

Density 
 

(g cm-3) 

Condensation 
Coefficient 
(cm-2 s-1) 

Time Step 
 

(Minute) 

Bin Width 
 

(nm) 
Toluene 35 150  1.0  5.0E+09  1  1 

m-Xylene 53 164 1.0 5.0E+09 1 1 
 

 

Table 7.3, Fitted Coagulation Coefficients and Nucleation Ratio for the Modelled 
Experiments 

 

Experiment ID Coagulation 
Coefficient 

(cm3 s-1) 

Nucleation Ratio 

 

 

S4E02 8.33E-10 3.10 
S4E03 1.66E-09 4.10 
S4E04 2.33E-09 4.60 
S4E08 1.17E-09 2.20 
S5E04 2.33E-09 4.75 
S5E06 3.33E-09 4.70 
S5E07 3.67E-09 3.80 
S5E09 3.00E-09 4.80 
S5E10 3.67E-09 3.65 
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7.7. Analysis of Model Performance 

 

Nine smog chamber experiments were selected for validation purposes.  A mass 

profile was calculated for each experiment, using the experimental size-number 

distributions and the particles assumptions, and was used as the model input.  The 

coagulation coefficient and nucleation ratio were adjusted to provide the best fit to the 

experimental TPN and EOE data.  The nucleation ratio was the primary parameter used 

to obtain the observed TPN concentrations.  The model parameters common to all 

simulations are provided in Table 7.2 while the fitted parameters are provided in Table 

7.3.   

 

7.7.1. Model versus Experiment Comparisons 

 

The growth of both experimental and modelled particle number distributions with 

time for selected experiments is presented in Figure 7.12 -Figure 7.14.  In the initial 

stages of the simulations, SPLAT produces a narrower and higher total number 

concentration distribution.  This behaviour can be attributed to a single nucleation event 

of a large quantity of particles that normally form over a longer time period within the 

chamber experiments.  It is encouraging to note that the model progresses towards 

matching the experimental data soon after nucleation.  Additional plots showing model 

and experimental comparisons as contour plots are presented in App. Figure 25 - App. 

Figure 33 in Appendix 1. 
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Figure 7.12 - Figure 7.14, Time Progression of Aerosol Number Concentration Size 
(Top Panel) and Modelled (Bottom 

Panel) Data for Selected Experiments 
Distributions.  Experimental 
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Figure 7.13, S4E08 SOA Growth Contour Plot 
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7.7.2. Mod

 

The experimental and modelled TPN and EOE profiles for selected SOA experiments 

re p ted n Fi 7.15.  el unce ty is shown in Figure 7.15 as the shaded 

area and was calcu  from the positive ega nc y n th -n

nucleation profile, ce ten nd m ar w t p te he om

in the nucleation m ection 7.7.1 and observed in Figure 7.12, 

Figure 7.13 and Figure 7.14 can also be seen in the TPN concentration comparisons in 

Figure 7.15a.  The model appearance of particles appears as a single burst, not following 

the rate of formation observed experimentally.  The remainder of the experiment is 

modelled well following this initial deficiency in modelling the nucleation event.  

Diffusion error, as a fraction of the TPN concentrations  for odelled 

exper nts is presented in Figure 7.16. 
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a resen gure Mod rtain
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Figure 7.15, Experimental (bold) and Modelled (fine) TPN Concentrations (a) and 

EO files (b Selec xpe ts
Shaded areas indicate model uncertainty limits. 
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Figure 7.16, Modelled Aerosol Number Based Fractional Numerical Diffusion for 
All Experiments 
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7.7.3  Statistical . Analysis 

initially are high but improve as the time progresses (Figure 7.17d).  The early 

SD under-prediction gives an indication that the nucleation module is not performing 

as well as hoped.  This figure confirms that the predictive capability of the model 

improves as time progresses.  Additional plots showing comparisons between MD, 

CMD and GSD are provided in App. Figure 34 - App. Figure 39 in Appendix 1. 

 

Further analysis of the MD, CMD, GSD, TPN concentrations and EOE profiles were 

performed using selected components of the analysis techniques of Willmott (1981) 

outlined in section 3.3.  Table 7.4 summarises the results of the statistical analysis of the 

nine experiments simulated.  About 85% of all the analyses return an IOA greater than 

0.88.  Half of the modelled experiments have IOA’s of 0.88 and above for the EOE 

profiles indicating successful overall modelling of the aerosol dynamics.  The remaining 

experiments show IOA’s from 0.47 to 0.55 showing some variability in the EOE profile 

modelling.  Many of the SKILL_V values for the TPN, MD and CMD comparisons 

approach unity indicating little difference between the standard deviations of the 

observed and predicted values.  The SKILL_V values of the EOE profiles show a small 

amount of deviation from ideal value of one indicating the exact EOE profile is not 

easily modelled, although the visual comparisons appear reasonable.  All SKILL_R 

 

Mass conservation within SPLAT is illustrated in Figure 7.17a while the ability of the 

model to predict the Count Mean Diameter (MD) (Figure 7.17b) and Count Median 

Diameter (CMD) (Figure 7.17c) is shown.  Predictions of Geometric Standard Deviation 

(GSD) 

G
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values (except the EOE profiles) are less than one indicating that the average difference 

between modelled and experimental data (RMSE) is less than the standard deviation of 

the observations for all analyses over all experiments.  The GSD, being a statistic for 

log-normal distributed data (explained in section 3.2.6), is not modelled well because it 

is used on SPLAT particle distributions that are not strictly log-normal.  SPLAT allows 

the initial log-normal distribution from the nucleation step to evolve outside of log-

normality. 
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Figure 7.17, Experimental (….) versus Modelled (____) SOA Mass (a), Count 
Mean Diameter (MD) (b), Count Median Diameter (CMD) (c) and 
Geometric Standard Deviation (GSD) (d) for Selected Experiments 
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Table 7.4, Statistical Evaluation Data for Experimental versus Modelled TPN 
Concentrations, Count Mean Diameter (MD), Count Median Diameter 
(CMD), Geometric Standard Deviation (GSD) and EOE Profile for All 
Experiments  
Most significant statistics are highlighted in grey 

EXP.  ID Data_Set EXP_MEAN MOD_MEAN EXP_SD MOD_SD R IOA SKILL_V SKILL_R

S4E02 TPN 
84990 88390 36920 36660 0.8829 0.9388 0.993 0.4896 

 MD 
92.66 100.4 43.26 47.12 0.9998 0.9907 1.089 0.2013 

 CMD 
88.06 99.95 41.46 46.83 0.9995 0.9782 1.13 0.3161 

 GSD 
1.204 0.9572 0.4929 0.3813 0.9628 0.9008 0.7736 0.5985 

 EOE 
176.7 340.9 283.2 954.8 0.7012 0.5505 3.371 2.818 

  
-- -- -- -- -- -- -- -- 

S4E03 TPN 
37210 40460 21840 23840 0.9759 0.9809 1.092 0.288 

 MD 
44.2 44.64 30.01 31.25 0.9976 0.9984 1.041 0.08245 

 CMD 
42.84 44.25 29.27 31.03 0.9975 0.9973 1.06 0.106 

 GSD 
1.068 0.9004 0.5239 0.4981 0.8679 0.9077 0.9506 0.5958 

 EOE 
71.19 77.68 185 228.7 0.9839 0.9805 1.236 0.3108 

  
-- -- -- -- -- -- -- -- 

S4E04 TPN 
34720 30430 22690 22240 0.9498 0.9654 0.98 0.3664 

 MD 
27 26.09 18.44 19.26 0.9898 0.9938 1.045 0.1601 

 CMD 
26.07 25.35 17.82 18.74 0.9895 0.9937 1.052 0.1622 

 GSD 
1.049 0.8981 0.5686 0.5961 0.8007 0.8831 1.048 0.6996 

 EOE 
63.3 65.86 207.1 208.6 0.9944 0.9971 1.007 0.1074 

  
-- -- -- -- -- -- -- -- 

S4E08 TPN 
90650 95390 38750 41870 0.9577 0.9738 1.08 0.3354 

 MD 
57.51 64.56 24.47 28.3 0.9985 0.9764 1.157 0.3333 

 CMD 
54.84 63.92 23.65 27.92 0.998 0.9622 1.18 0.43 

 GSD 
1.278 1.029 0.3818 0.3639 0.8156 0.823 0.953 0.8822 

 EOE 
123.2 144.2 299.9 405.3 0.8894 0.9194 1.352 0.6531 

  
-- -- -- -- -- -- -- -- 

S5E04 TPN 
35070 33950 25560 24920 0.9701 0.9842 0.9749 0.2461 

 MD 
35.77 36.84 29.11 30.41 0.9944 0.9964 1.045 0.1228 

 CMD 
34.58 36.66 28.06 30.25 0.9952 0.9949 1.078 0.148 

 GSD 
0.9625 0.7532 0.6374 0.5356 0.8942 0.9101 0.8402 0.5571 

 EOE 
-5155 79.06 4602 275.5 0.3719 0.4783 0.05987 1.5 
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  -- -- -- -- -- -- -- -- 

S5E06 TPN 
34440 36670 26650 26700 0.9633 0.9798 1.002 0.2834 

 MD 
34.16 33.85 29.04 28.03 0.9956 0.9974 0.9651 0.09915 

 CMD 
33.91 32.96 28.82 27.54 0.9941 0.9963 0.9555 0.1192 

 GSD 
0.7512 0.9635 0.5489 0.5868 0.8313 0.8843 1.069 0.7165 

 EOE 
-3748 74.89 3389 242.7 0.4096 0.4822 0.07163 1.489 

  -- -- -- -- -- -- -- -- 

S5E07 TPN 
50460 47490 32970 31780 0.9763 0.9856 0.9638 0.2342 

 MD 
36.05 37.26 22.75 23.89 0.9933 0.9954 1.05 0.1392 

 CMD 
34.71 36.77 22.14 23.51 0.9887 0.9914 1.062 0.1906 

 GSD 
8 0.9003 0.5244 0.506 0.8124 0.8522 0.9648 0.753 1.13

-2099 74.27 1910 231.5 0.4507 0.4938 0.1212 1.483 
 EOE 
  -- -- -- -- -- -- -- -- 

S5E09 TPN 
37760 36760 38960 38720 0.9709 0.9851 0.9938 0.241 

 MD 
68 31.49 25.31 27.12 28. 0.9959 0.9948 1.098 0.1498 

 CMD 
05 27.46 31.41 23.9 27. 0.9932 0.9892 1.144 0.2218 

 GSD 
0.8051 0.5244 0.7454 0.5461 0.9046 0.8876 0.7325 0.5927 

 EOE 
-6076 127 5678 593.5 0.2788 0.4831 0.1045 1.464 

  -- -- -- -- -- -- -- -- 

S5E10 TPN 
38600 38540 33230 33110 0.9575 0.9785 0.9965 0.2899 

 MD 
30.92 33.78 28.55 31.25 0.9953 0.9933 1.094 0.1701 

 26.93 31.04 0.9897 0.9824 1.153 0.2848 
 CMD 

28.53 33.52

 GSD 
0.9974 0.6805 0.781 0.5707 0.9359 0.8934 0.7307 0.574 

OE 
116 103.1 271.6 357.6 0.8215 0.8849 1.317 0.7559 

 E

          

KEY: TPN = TPN Concentrations, MD = Median Diameter, CMD = Count Median Diameter, GSD = Geometric Standard Deviation, 
EOE = End of Experiment profile, EXP = Experimental, MOD = Model, MEAN = Arithmetic Mean, SD = Standard Deviation, R = 
Correlation Coefficient (0 = no correlation, 1 = perfect correlation),  IOA = Index of Agreement (0 no agreement, 1 = excellent 

ILL_V = Shows skill if equal to 1, SKILL_R = Shows skill if less than 1  

 
agreement), SK
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7.8. Discussion 

 

The SPLAT model for SOA dynamics has been developed to predict, in high 

resolution and with minimal computational expense, the formation and growth of SOA 

and their number and volume concentration, given a SOA mass input as a function of 

T that represented the number-

size distribution of the initial nucleation profile.  The sensitivity analysis in section 7.5.7 

ty analysis applied to the model data suggest that the standard 

required to model the SOA distribution that evolves with time.  This aspect of the 

cleation module provides an alternative method of representing the particle 

distribution compared to those models that assume a single diameter of nucleated 

xed log-norma of SOA 

99; Kerminen et al. 2000) or rely on pre-existing aerosol (no nucleation) 

to act as a condensing surface (Pandis et al. 1993; Andersson-Skold and Simpson 2001).  

th dominates.  This is in contrast to experimental nucleation events that can last for 

 minutes.  It is also uncertain whether homogenous nucleation events occur in the 

erved within SPLAT modelling is a result 

lt of the assumption of free molecular diffusion for 

time.   

 

A unique nucleation module was developed for SPLA

and the uncertain

nucleation profile extracted from chamber experimental data represents the initial profile 

SPLAT nu

particle (Binkowski 1999), a fi l mode for the entire evolution 

(Binkowski 19

SPLAT models a single nucleation burst of organic particles after which condensational 

grow

tens of

atmosphere.  The single nucleation burst obs

of immediate domination of condensation as soon as nucleation occurs.  This model 

deficiency is likely to be a resu
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condensation, where actual restrictions to condensation in the early stages of SOA 

growth are not represented by this assumption.  It may be possible to account for this 

empirically by changes to the condensation coefficient within the nucleation events.  

 

Various models and alternatives for methods of condensation and evaporation were 

reviewed; Jacobson (1997), Meng et al. (1998) and Pirjola and Kulmala (2000) 

calculated the condensation/evaporation flux using bulk gas and ‘above particle surface’ 

co

t condensation was directly proportional to particle surface area in systems 

sim . SOA systems with diameters ranging up to 

~150 nm) do support the SPLAT condensation module assumption.  The method shows 

good application to the systems investigated although it is anticipated that further 

development will focus on a better representation of the condensation system (e.g. using 

corrections for the different diffusion regimes based on the commonly used approach of 

Fuchs and Sutugin (1971) or Dahneke (1983)). 

ncentrations of the organic species while many models use the partitioning method of 

Odum et al. (1996).  The condensation module in SPLAT was developed drawing on 

ideas from these sources and is best described as a hybrid method where the 

condensational flux is calculated at every time step based on the aerosol size distribution 

and the existing mass concentration of potential SOA species.  The performance of the 

condensation module related to the assumption of free molecular diffusion regime was 

not tested (i.e. usually tested using seed aerosol).  Observations by Kerminen et al. 

(2000) tha

ilar to those investigated here (i.e

 

SOA mass concentration as a function of time is required as a model input and so any 

reliable technique of obtaining mass concentration information can be used.  Gas to 
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particle partitioning, vapour pressure estimation, bulk yields or other techniques could 

be introduced allowing for up to date approaches of condensation/partitioning to be 

considered.  An example of this flexibility that SPLAT provides is given in Chapter 5 

where SOA mass concentrations were predicted on a global scale in MOZART-2 using 

both the bulk yield and partitioning methods.  Both of these global SOA mass 

concentration outputs could be applied to SPLAT to model SOA dynamics. 

 

The SPLAT coagulation module was developed from chamber data (see Chapter 6) 

using a simplification of the discrete coagulation equation which is a mathematical 

representation of coagulation regularly applied in other models (Jacobson 1997; 

Binkowski 1999; Pirjola and Kulmala 2000).  The SPLAT method uses just one 

coefficient to model coagulation (fixed coefficient method described in section 6.5.1).  

The method has shown that the critical parameters of SOA formation and growth can be 

modelled well (IOAs of most parameters across all simulations exceeded 0.88).   

 

The review in section 2.5.2 outlined the common methods of representing the aerosol 

distribution in models.  A variety of models, utilising between one and thirty-nine size 

sections (Pandis et al. 1993; Binkowski and Shankar 1995; Bowman et al. 1997; Meng 

et al. 1998; Pirjola and Kulmala 2000) and log-normal modes (Binkowski and Shankar 

1995; Binkowski 1999), mean a diversity in the resolution and information available 

from these models.  SPLAT allows for different bin widths to be applied to the 

distribution, with all validation experiments modelled with a 1 nm resolution (~ 250 size 

sections).  This high resolution capability would allow flexibility when applying the 

results to radiative, health and visibility studies.  Large non-conservation of number 
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concentrations did occur at larger bin widths providing further benefits for the high 

resolution capabilities of SPLAT. 

 

SOA mass concentration is conserved within the model whereas some error due to 

numerical diffusion within the number concentrations resulted from the choice of bin 

sectioning of the aerosol distribution.  The sectioning method applied was a variation of 

a technique described by Jacobson (1997) (described in section 2.5.2.5) and the 

simplicity over other methods and the minimal effect of numerical diffusion establishes 

a good level of accuracy in representing the distribution.  The choice of this bin 

sectioning technique, and diffusion error as a result, was so that SPLAT could be 

ultimately applied to multi-dimensional chemical transport models.  Diffusion error is 

not an ideal consequence of the model development strategy although it is quantifiable.  

A further refinement of SPLAT could include a correction to the number concentration 

by re-introducing the diffusion error as zero-mass particles.   

 

The SPLAT model code has been simplified and presented as pseudo code in Figure 

7.18.  This figure shows the basic model structure and data processing path. 
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Figure 7.18, S
 

BASIC SPLAT MODEL PSEUDO CODE 
 
OPEN & READ
   initial conditions file 
      - contains simulation duration 
                 model time step 
                 maximum diameter to simulate 
                 log normal nucleation choice (and equation parameters if applicable) 
END 
 
OPEN & READ 
   temperature profile 
END 
 
OPEN & READ 
   pressure profile file 
END 
 
OPEN & READ 
   species information file 
      - contains number of different species involved in SOA formation 
                 names of species 
                 molecular mass 
                 surface tension 
                 condensation coefficient 
                 critical mass 
                 nucleation ratio 
                 coagulation coefficient 
END 
 
FOR EACH SPECIES 
   OPEN & READ 
      species concentration file 
      - contains gas or particle phase concentrations of species with time 
         - this can come from gas phase mechanism, experiments etc. 
   END 
END 
 
IF NUCLEATION CHOICE WAS FROM FILE 
   OPEN & READ 
      nucleation profile file 
   END 
 
   CALCULATE 
      nucleation profile at bin width specified in ini file 
   END 
END 
 
IF NUCLEATION CHOICE WAS FROM LOG NORMAL EQUATION 
   CALCULATE 
      nucleation log normal profile at bin width specified in ini file 
   END 
END 
 
CALCULATE 
   the diameter of particle formed by coagulating all possible particles together 
      - e.g. Particle range = 1 - 200nm with a bin width of 1nm 
             3nm + 4nm = new particle; 3nm + 5nm = new particle, 3nm + 6nm... 
END 
 
FOR EACH TIME STEP (i) 
 
   INTERPOLATE 
      temperature and pressure for current time 
   END 
 
   FOR EACH SPECIES OVER ALL PARTICLE DIAMETERS 

PLAT Model Pseudo Code 
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      calculate the saturation mass concentration for each diameter 
      using the Kelvin effect based on species information given in species file 
   END 
 
   FOR EACH SPECIES 
      INTERPOLATE FROM CONCENTRATION PROFILE 
         the new amount of gas or mass conc. added due to this time step 
      END 
 
      CALCULATE 
         current conc. of species including that left over from previous time step 
      END 
 
      CALCULATE 
         current conc. ratio relative to saturation mass (from species file) 
      END 
 
      IF RATIO IS > SATURATION 
         IF NO PARTICLES EXIST 
            IF RATIO > NUCLEATION RATIO 
               nucleate mass above nucleation ratio 
               REDUCE 
                  gas or mass conc. by mass nucleated 
                  recalculate ratio 
               END 
            END IF 
         END 
 
         IF RATIO IS ABOVE SATURATION 
            CALCULATE 
               condensation rate 
               cond_rate = cond_coeff * surf_area_bin * (gas_mass_conc - bin_crit_mass) 
 
            END 
 
            CALCULATE 
               condensation mass per bin using Kelvin effect data previously calculated 
            END 
 
            IF TOTAL CONDENSATION MASS REQUIRED > ACTUAL MASS AVAILABLE 
               condense by fractional distribution across bins 
            END 
 
            IF TOTAL CONDENSATION MASS REQUIRED < ACTUAL MASS AVAILABLE 
               condense by demand of each bin 
            END 
 
            REDUCE 
               gas or mass concentration by mass condensed 
               recalculate ratio 
            END 
 
            EVAPORATE 
               those particle too small to exist according to the Kelvin effect 
               add this mass back into the system 
            END 
         END 
      END 
   END 
 
   COAGULATE 
      according to coagulation model 
   END 
 
   FOR EACH BIN (j) 
      where a new mass has been added to any bin 
      RECALCULATE PARTICLE NUMBERS RELATIVE TO THIS MASS TO BIN MID POINT DIAMETER 
         - this conserves mass 
      END 
   END 
END 
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Visual comparisons between experimental and modelled data showed good 

agreement.  These comparisons revealed the shortcomings in the nucleation module.  

The contour plots (Figure 7.12, Figure 7.13 and Figure 7.14) show that the nucleation 

module is the weakest component of SPLAT, although it was observed (contour and 

GSD plots Table 7.4) that the model moved towards matching the experimental data a 

short time after nucleation (section 7.7.1). 

 

A statistical comparison between modelled and experimental data was carried out.  

Statistical analysis of the progression of the modelled experiments against experimental 

observations has shown SPLAT to be effective in modelling a range of SOA systems.  

Analysis of the TPN concentratio  CMD and GSD was performed 

returning an IOA of 0.88 and above for 89  of the analyses performed.  The average 

difference between modelled and experimental data was most commonly less than the 

standard deviation within the observations indicating high predictive skill within 

SPLAT.   

 

Modelling distributions with high resolution would usually make a model more 

complex and computationally expensive, particularly relative to models with between 

one to thirty-nine bins.  In SPLAT, this is offset by reductions in complexity due to 

model insensitivity to time step (section 7.5.1) and simplified methods of bin sectioning, 

nucleation, coagulation, condensation and evaporation.   

 

SPLAT has been designed as an SOA dynamics module that can be attached to 

systems where SOA mass is known from modelling or experimental studies.  Model 

ns, EOE profiles, MD,

 %
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development based on experimental data and published approaches has achieved a 

balance between simplicity and effective high-resolution modelling of SOA.  Further 

improvements to the dynamics modules of nucleation, coagulation and condensation are 

required before this method could be applied to larger scales, however the model 

developed provides a solid basis for high resolution and simplified dynamics modelling.  
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7.8.1. Limitations of SPLAT 

 

• The nucleation module within SPLAT does not reproduce the gradual nucleation 

events seen in chamber experiments.  Division of the nucleation time step into 

smaller steps prevents production of unrealistic amounts of particles and balances the 

production of new particles with other growth processes.  The quantity of particles 

nucleated is therefore dictated by the user defined super-saturation concentration (as 

in Moldanova and Ljungstrom 2000).  Assimilation of the quantity of particles 

formed in the model with particle numbers observed during natural nucleation events 

or to derived supersaturation limits (eg. Boreal forest SOA nucleation, Mäkela et al. 

1997; Kulmala et al. 1998) could provide a guide to nucleation.  This, however, 

would be an uncertain undertaking considering the uncertainty associated with 

boreal forest nucleation events (Aalto et al. 2001; Mäkela et al. 2001). 

 

• The model bin width was found to be a sensitive parameter, limiting the model to 

high resolution simulations. 

 

• Although numerical diffusion within the particle number concentrations due to the 

mass conservation technique occurs, the quantity of diffusion error is known at all 

times.   

 

• The assumption was made that the mass profile used from each experiment was 

responsible for the experimental size distributions observed.  This means that the 
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SPLAT model is simulating an instrument output rather than an experiment with 

uncertainty.  This leads to the assumption for this exercise that uncertainty within the 

ental data does not exist.   

 

experim
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8 

Chapter Eight 

Summary 

Summary  
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The investigation of three aspects of the formation of secondary organic aerosol 

(SOA) has been described: 

 

• Aerosol formation from precursor mixtures 

 

• Global burden and distribution of SOA modelled on a global scale 

 

• Modelling of the dynamics of SOA formation based on an empirical data. 

 

SOA are a small yet important component of atmospheric aerosols.  Aerosols are 

known to affect the Earth’s radiation balance, the processing of water throughout the 

atmosphere and the health of humans and animals.  Many different sources introduce 

aerosol to the atmosphere.  These aerosol have highly varied composition, size, shape, 

toxicity, radiation interaction properties and lifetimes.  SOAs are produced within the 

atmosphere from the reaction of precursors, which themselves are from different 

sources.  These precursors can include many of the hundreds of volatile organic 

compounds (VOC) that oxidise in the atmosphere via complex reactions to form semi-

volatile or non-volatile organic compounds.  These species nucleate, condense, partition 

and react further to form organic particles or organic coatings on other aerosol.  This 

complex formation process means SOA are the least understood of the atmospheric 

aerosols.  SOA mass estimation techniques summarise this complexity by providing a 

simple technique for predicting the mass of SOA formed from a reacted amount of a 
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sin

he maximum and realistic SOA production 

respectively, indicate regional potentials for SOA formation (Chapter 5).  Where the 

bu

gle VOC.  These techniques are commonly applied at local and regional levels across 

mixtures of VOC.   

 

Experimental investigations into mixtures of SOA forming VOCs and propene (SOA 

potential of zero) have shown that the common assumption of additivity in SOA yields 

across mixtures of VOC is uncertain (Chapter 4).  This result also raises concerns that 

the published SOA yields, commonly calculated using propene as a reactivity enhancer, 

may introduce further uncertainty to the yields.  This has significant implications for the 

common SOA mass modelling approaches and those studies that have assumed 

additivity. 

 

Despite these uncertainties, the SOA bulk and partitioning methods were used in 

conjunction with a global chemical transport model (MOZART-2) to estimate total 

annual SOA production, spatial and temporal distributions of SOA, global contributions 

to SOA from biogenic and anthropogenic precursors.  The combination of the bulk and 

partitioning methods, which represent t

lk SOA formation exceeds partitioning SOA formation, a potential to further SOA 

formation exists.  Total mass concentration estimates are used in conjunction with the 

spatial and temporal distributions and global models to investigate the effects of SOA 

across large scales and time periods.  These modelling studies assist in refining the 

estimate of global climate change.  The most realistic estimate of total annual SOA 

production derived from the MOZART-2 SOA partitioning method was 15.3 Tg yr-1 and 

compares favourably to a recent estimate by Chung and Seinfeld (2002) who predicted 
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total SOA to be 11.2 Tg yr-1 using an alternative global model.  The fraction of total 

SOA produced by MOZART-2 formed from biogenic VOC was found to be 13.6 Tg yr-1 

and compares to a recent estimate of biogenic SOA by Griffin et al. (1999a) of 

18.5 Tg yr-1 and Tsigaridis and Kanakidou (2003) of 2.5 to 44 Tg yr-1 using the 

partitioning method.  Anthropogenic SOA contributions of 1.1 Tg yr-1 from MOZART-2 

compared to 0.05 -2.62 Tg yr-1 of Tsigaridis and Kanakidou (2003).  Both of these 

studies used a similar method to that described here to determine the SOA contributions. 

he SOA bulk yield method in MOZART-2, representing the maximum possible 

global SOA burden, provides an opportunity to assess the extent of production of SOA 

in a region compared to the more realistic estimates obtained using the SOA partitioning 

yield method.  In North America actual SOA formation for most of the year was found 

to be much less than the predicted maximum amount of SOA that could possible form.  

This unrealised SOA potential was found to be due to the lack of existing organic 

aerosol, which is required for the partitioning of SOA.  In Europe and Asia, SOA was 

found to be at maximum production for most of the year while in Africa SOA formation 

was found to be restricted by the availability of oxidants.  This indicates that if oxidising 

conditions were to improve in south America (for example higher temperatures or 

increases in NOX), or if more primary organic aerosol was emitted into the atmosphere 

in north America, then SOA occurrence could increase significantly.  When combined 

with the various climate change scenarios outlined by the IPCC (Houghton et al. 2001), 

this regional analysis of SOA potential from MOZART-2 could provide estimates of the 

impact of changing climate conditions on SOA concentrations.  

 

 

T
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The mass of SOA formed from a model such as MOZART-2 can be used to model 

the dynamics of SOA (e.g. particle size, number concentration etc.).  Explicit 

representations of the processes that affect SOA dynamics, including nucleation, 

condensation, evaporation and coagulation can be complex and computationally 

prohibitive for regional and global modelling.  Assessment of common approaches to 

modelling aerosol dynamics and experimental data lead to the development of a model 

for SOA dynamics that (1): models, in high resolution, the most critical aspects of SOA 

formation and growth (size distribution, number concentration and aerosol behaviour 

with time) and (2): minimises the computational burden of this modelling through 

simplification so that it can be incorporated into regional models. 

 

Representations of coagulation can be complex (e.g. Jacobson et al. 1994; Piskunov 

and Golubev 2002; Sandu 2002) an nt resources to calculate individual 

coefficients for each particle interaction (e.g. for Brownian diffusion a coefficient is 

calculated for every interaction using the Stokes-Einstein relation (Seinfeld and Pandis 

1998, p474)).  The model developed in Chapter 6 introduced a simplified method of 

coagulation based on common approaches.  Coagulation coefficients were calculated 

using an experimentally derived relationship.  This variable coagulation coefficient 

method is an empirical surrogate for the standard coefficient corrections applied to 

Brownian based diffusion in the continuum regime to account for the transition and free 

molecular regimes ( refer to section 2.5.2.2 and Fuchs 1964; Dahneke 1983).  The 

method presented here improves the representation of the coagulation method while 

maintaining the simplicity of the approach.  This method also removes the need for 

calculating individual coefficients for each particle interaction. 

d require significa
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Comparisons between sodium chloride coagulation experiments and the modelled 

experiments showed quality modelling of the end of experiment (EOE) profiles and total 

particle number (TPN) concentrations.  Correlations and index of agreement (IOA) 

calculations also showed good agreement between modelled and experimental data.  The 

model showed little sensitivity to model time step, is capable of high resolution 

representation of the aerosol (e.g.  1 nm) and uses a simple method of bin sectioning.  

This bin sectioning method introduces a small quantity of error due to numerical 

diffusion although the method is simple and diffusion error is quantifiable and 

minimised by high resolution and large time steps.  This coagulation model produces 

results based on an empirical development strategy and it is suggested that the efficiency 

improvements introduced by the approach used in developing this model could provide 

an efficient ultra-fine coagulation component for atmospheric models. 

 

The development of SOA nucleation, condensation and evaporation modules, and 

incorporation of these modules and the coagulation model into a more complete model 

of SOA dynamics, called SPLAT (Secondary Production and Loss of Aerosol with 

Time), was described in Chapter 7.  The process of SOA nucleation is still a debated 

topic and nucleation of pur SOA particles is rarely modelled explicitly, with many 

models relying on existing aerosol for partitioning or sulfuric acid nucleation events to 

provide a partitioning surface.  A simple approach to modelling nucleation within a 

seedless and purely organic system was developed from the observed nucleation events 

within smog chamber experiments.  The average shape of the nucleation profile from 

multiple nucleation events was found to provide an alternative method of representing 
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the particle distribution compared to those models that assume a single diameter of 

nucleated particle (Binkowski 1999), a fixed log-normal mode for the entire evolution of 

SO

nucleation) to act as a condensing surface (Pandis et al. 1993; Andersson-Skold and 

Sim eriment was 

of ree molecular diffusion for condensation.  The 

Me 000) and uses the aerosol size distributed 

densation rate.  The assumption of surface area as a driving force to condensation 

is 

gated in this thesis are best described by the transition regime, where 

co

ncentrations.  The observations by Kerminen et al. (2000), that condensation was 

dir

OA systems with diameters ranging up to ~150 nm), do support the SPLAT 

co

ms investigated.  It is anticipated that further development would introduce 

usi

approaches of Fuchs and Sutugin (1971) or Dahneke (1983).  the same bin sectioning 

an

co

 

A (Binkowski 1999; Kerminen et al. 2000) or rely on pre-existing aerosol (no 

pson 2001).  The number of nucleation events observed within an exp

not replicated well by the nucleation module, although it is suspected that this is a result 

the assumption of f

condensation/evaporation module draws on ideas from various sources (Jacobson 1997; 

ng et al. 1998; Pirjola and Kulmala 2

surface area and the particle size dependent saturation mass concentrations to calculate 

the con

applied to the free molecular diffusion regime.  The SOA experiments being 

investi

ndensation will be related to the particle number concentrations and particle surface 

area co

ectly proportional to particle surface area in systems similar to those investigated here 

(i.e. S

ndensation module assumption.  The condensation module did show good application 

to the syste

ng corrections for the different diffusion regimes based on the commonly used 

d mass conservation approach used in SPLAT were the same as those used in the 

agulation model. 
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Many studies have described models of SOA dynamics varying in resolution from a 

few coarse size sections (Pandis et al. 1993; Binkowski and Shankar 1995; Bowman et 

the ski 1999) to molecular 

ntations of the aerosol dynamical processes and find application in simulating 

ormation over forests and in chambers or SOA partitioning in chambers and the 

urb  module 

mental studies.  Model development based on experimental data and published 

ap

ling of SOA.  Application of the model to SOA chamber experiments has shown 

tha  can simulate SOA dynamics in 

s and aerosol mixtures, however it is believed that this model provides a good 

ba

 

The investigations into the effect of mixtures of SOA forming VOC in Chapter 4 

eviously unreported shortcomings of both the bulk and partitioning SOA 

yie

s is necessary to evaluate the effects.  The application of these yield methods to 

the

d to predict global annual SOA contributions, global and regional scale occurrence 

an ssed in 

al. 1997; Meng et al. 1998; Pirjola and Kulmala 2000), to continuous representations of 

 distributions (Binkowski and Shankar 1995; Binkow

resolution of the aerosol (Lehtinen and Kulmala 2003).  These models use various 

represe

SOA f

an environment.  SPLAT has been designed as a simplified SOA dynamics

that can be attached to any systems where SOA mass is known from modelling or 

experi

proaches have achieved a balance between simplicity and effective high-resolution 

model

t the development strategy has produced a model that

these systems.  Further work is necessary to apply the model to regional or global 

model

sis for simplified dynamics modelling. 

revealed pr

ld methods.  These results indicate that a significant amount of work on these mixed 

system

 MOZART-2 global scale model, despite the uncertainties, has shown that they can 

be use

d SOA formation potential (Chapter 5).  The SOA dynamics model discu
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Chapter 7, although developed and tested using SOA chamber experiments, was 

de

RT-2 model.  The coagulation component of the model was discussed in Chapter 

6.  the SPLAT SOA 

SOA occurrence, number concentrations and size distributions over large areas for 

cli

 

 

signed to be applied to a system that provide SOA mass concentrations, like the 

MOZA

 The combination of the MOZART-2 SOA mass models and

dynamical model could therefore provide simplified yet high resolution modelling of 

mate and health impact studies. 
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Appendix 1 

Appendix 1 

Additional SOA and Coagulation Experimental versus 

Modelling Plots 
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Experimental (top) and Modelled (bottom) Total Experiment Progression for 
Experiments B1E01 – B1E07, B2E01 – B2E08, S6E02 

App. Figure 1, B1E02 Coagulation Contour 
Plot  

App. Figure 2, B1E02 Coagulation Contour 
Plot 

App. Figure 3, B1E03 Coagulation Contour 
Plot 

App. Figure 4, B1E04 Coagulation Contour 
Plot 
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App. Figure 5, B1E05 Coagulation Contour 
Plot 

App. Figure 6, B1E06 Coagulation Contour 
Plot 

App. Figure 7, B1E07 Coagulation Contour 
Plot 

App. Figure 8, S6E02 Coagulation Contour 
Plot 
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App. Figure 9, B2E01a Coagulation Contour 

Plot 
App. Figure 10, B2E01b Coagulation Contour 

Plot 
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App. Figure 11, B2E04a Coagulation Contour

Plot 
App. Figure 12, B2E024b Coagulation Contour 

Plot 
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App. Figure 13, B2E05a Coagulation Contour

Plot 
App. Figure 14, B2E05b Coagulation Contour 

Plot 
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App. Figure 15, B2E06a Coagulation Contour
Plot 

App. Figure 16, B2E06b Coagulation Contour 
Plot 
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App. Figure 17, B2E07 Coagulation Contour 

Plot 
App. Figure 18, B2E08 Coagulation Contour 

Plot 
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Experimental versus Coagulation Model Dynamical Statistics 

 
App. Figure 19, Experimental (….) versus Modelled (____) Median Diameter for “B1” 

Coagulation Experiments 
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App. Figure 20, Experimental (….) versus Modelled (____) Median Diameter for “B2” 

Coagulation Experiments 
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App. Figure 21, Experimental (….) versus Modelled (____) Count Median Diameter for “B1” 

Coagulation Experiments 
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App. Figure 22, Experimental (….) versus Modelled (____) Count Median Diameter for “B2” 

Coagulation Experiments 
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App. Figure 23, Experimental (….) versus Modelled (____) Geometric Standard Deviation for 

All “B1” Coagulation Experiments 
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App. Figure 24, Experimental (….) versus Modelled (____) Geometric Standard Deviation for 

“B2” Coagulation Experiments 
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UExperimental (top) and Modelled (bottom) Time Progression of Particle Number 
Concentration Size Distributions for All SOA Experiments 

 

 

 
App. Figure 25, S4E02 SOA Contour Plot 

 
App. Figure 26, S4E03 SOA Contour Plot 

  
App. Figure 27, S4E04 SOA Contour Plot App. Figure 28, S4E08 SOA Contour Plot 

  
App. Figure 29, S5E04 SOA Contour Plot App. Figure 30, S5E06 SOA Contour Plot 
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App. Figure 31, S5E07 SOA Contour Plot App. Figure 32, S5E09 SOA Contour Plot 

 

App. Figure 33, S5E10 SOA Contour Plot 
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Experimental versus Modelled SOA TPN Concentration and EOE Profile  

 
App. Figure 34, Experimental (….) versus Modelled (____) TPN Concentrations for All 

SOA Experiments 
 

 
App. Figure 35, Experimental (….) versus Modelled (____) EOE Profiles for All SOA 

Experiments 
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Experimental versus SPLAT Modelled Dynamical Statistical Evaluation 

 
App. Figure 36, Experimental (….) versus Modelled (____) SOA Mass for All Experiments  

 
App. Figure 37, Experimental (….) versus Modelled (____) Count Mean Diameter for All SOA 

Experiments 
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App. Figure 38, Experimental (….) versus Modelled (____) Count Median Diameter for All 

SOA Experiments 

 
App. Figure 39, Experimental (….) versus Modelled (____) Geometric Standard Deviation for 

All SOA Experiments 
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