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Abstract. Secondary organic aerosol (SOA) formation has

been investigated as a function of temperature and humid-

ity for the ozone-initiated reaction of the two monoter-

penes α-pinene (243–313 K) and limonene (253–313 K) us-

ing the 84.5 m3 aerosol chamber AIDA. This paper gives an

overview of the measurements done and presents parame-

ters specifically useful for aerosol yield calculations. The

ozonolysis reaction, selected oxidation products and subse-

quent aerosol formation were followed using several analyt-

ical techniques for both gas and condensed phase charac-

terisation. The effective densities of the SOA were deter-

mined by comparing mass and volume size distributions to

(1.25±0.10) g cm−3 for α-pinene and (1.3±0.2) g cm−3 for

limonene. The detailed aerosol dynamics code COSIMA-

SOA proved to be essential for a comprehensive evaluation

of the experimental results and for providing parameterisa-

tions directly applicable within atmospheric models. The

COSIMA-assisted analysis succeeded to reproduce the ob-

served time evolutions of SOA total mass, number and size

distributions by adjusting the following properties of two ox-

idation product proxies: individual yield parameters (αi),

partitioning coefficients (Ki), vapour pressures (pi) and ef-

fective accommodation coefficients (γi). For these prop-

erties temperature dependences were derived and parame-

terised. Vapour pressures and partitioning coefficients fol-

lowed classical Clausius – Clapeyron temperature depen-

dences. From this relationship enthalpies of vaporisation

were derived for the two more and less volatile product prox-

ies of α-pinene: (59±8) kJ mol−1 and (24±9) kJ mol−1, and

limonene: (55±14) kJ mol−1 and (25±12) kJ mol−1. The

more volatile proxy components had a notably low enthalpy
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of vaporisation while the less volatile proxy components

gave enthalpies of vaporisation comparable with those of typ-

ical products from α-pinene oxidation, e.g. pinonaldehyde

and pinonic acid.

1 Introduction

Biogenic sources dominate the global emissions of volatile

organic compounds into the atmosphere. The annual emis-

sions of biogenic volatile organic compounds (BVOC) with-

out methane are estimated to range from 491 to 1150 Tg car-

bon, up to an order of magnitude more than the estimated

emissions from anthropogenic sources (Müller, 1992; Guen-

ther et al., 1995). Almost half of the BVOC mass emitted

is isoprene and about 11% are monoterpenes of which the

highest fractions are α-pinene (25%) and limonene (16%)

(Kanakidou et al., 2005). Although isoprene is the most

abundant BVOC its contribution to the formation of SOA has

still a high uncertainty with estimated global annual aerosol

masses ranging from 10 to 120 Tg (Matsunaga et al., 2005).

The ozonolysis of monoterpenes is supposed to be one ma-

jor source of secondary organic aerosol (SOA) (Griffin et al.,

1999b). The importance of monoterpene oxidation to am-

bient SOA is further emphasised by observations of typical

oxidation products from α-pinene oxidation e.g. pinonalde-

hyde, pinic and pinonic acids in ambient aerosol (Calogirou

et al., 1999; Yu et al., 1999b; Plewka et al., 2006; Cahill

et al., 2006). Global transport models predict a substan-

tial chemical production of organic aerosol in the free tro-

posphere (Tsigaridis et al., 2005) and project an even higher

fraction of SOA from oxidation of monoterpenes in future

scenarios (Tsigaridis and Kanakidou, 2007). However, the

formulation of SOA formation and chemical composition in
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these models needs to be improved. Recent field measure-

ments demonstrate that SOA is a dominant fraction of aerosol

mass in the free troposphere and that theoretical estimations

of SOA masses may be 1–2 orders of magnitude too low

(Heald et al., 2005). Consequently, there have been a number

of laboratory studies focusing on SOA yields, i.e. the mass

of SOA produced per mass of reacted precursor. These de-

pend mainly on the organic precursor molecules and on the

oxidants initiating the degradation (OH, O3, NO3). However,

it has also been shown that other factors influence the SOA

yield, i.e. the mass of organic aerosol that can serve as solvent

for semivolatile organic compounds (Pankow, 1994; Odum

et al., 1996), the acidity of and chemical reactions in the par-

ticulate phase (Jang et al., 2003; Gao et al., 2004; Iinuma

et al., 2004; Kalberer et al., 2004), the humidity (Bonn et

al., 2002; Jonsson et al., 2006), and the temperature that

controls the phase equilibrium of the semivolatile organics

and also influences the reaction pathways leading to con-

densable molecules (Sheehan and Bowman, 2001; Takekawa

et al., 2003; Jenkin, 2004; Offenberg et al., 2006; Pathak

et al., 2007b; Stanier et al., 2007; Johnson and Marston,

2008). There has been a considerable amount of work on

aerosol yields from the ozonolysis of α-pinene or limonene

near room temperature (290–303 K) e.g. (Hoffmann et al.,

1997; Griffin et al., 1999a; Hoppel et al., 2001; Cocker et

al., 2001; Berndt et al., 2003; Iinuma et al., 2004; Presto

and Donahue, 2006; Northcross and Jang, 2007; Pathak et

al., 2007a; Iinuma et al., 2007; Johnson and Marston, 2008;

Shilling et al., 2008). Studies covering more extended tem-

perature ranges are less abundant (Sheehan and Bowman,

2001; Takekawa et al., 2003; Offenberg et al., 2006; Pathak

et al., 2007b). Obviously, temperature dependences are im-

portant in describing SOA formation under tropospheric con-

ditions and – when properly evaluated – can improve our

understanding of the physical and chemical mechanisms in-

volved in the ozonolysis of monoterpenes. Experiments

in large environmental chambers covering a large tempera-

ture range are particularly suited to derive parameterisations

which are valid under real world conditions (Griffin et al.,

2005; Simpson et al., 2007). The most common way of pa-

rameterising SOA data is based on a two product mass par-

titioning model (Pankow, 1994; Odum et al., 1996; Griffin

et al., 1999a). However, it has been shown that this type of

parameterisation not always gives unique and simple repre-

sentations (Pathak et al., 2007a). For that purpose an option

is to also use information from measured aerosol size distri-

butions to put further constrains on the parameters included

in the models (Naumann, 2009).

This paper presents investigations on the yield of SOA

material from the ozonolysis of α-pinene and limonene un-

der simulated tropospheric conditions in the large aerosol

chamber AIDA (Saathoff et al., 2003) on time scales of up

to 36 h and at temperatures between 243 and 313 K. The

data were obtained during three measurement campaigns

at the AIDA simulation chamber during October/November

2003 (SOA03), March 2005 (SOA05), and February 2006

(SOA06). The campaigns in 2005 and 2006 were accom-

plished in an on-site collaboration between Forschungszen-

trum Karlsruhe, Forschungszentrum Jülich, Leibniz Institute

for Tropospheric Research Leipzig, and the University of

Gothenburg. In order to evaluate the data and parameterise

physical aerosol properties a dynamic SOA model was de-

veloped and applied (Naumann, 2009).

2 Experimental

The AIDA aerosol and cloud chamber of Forschungszen-

trum Karlsruhe (Saathoff et al., 2003) was used to investi-

gate the formation of SOA at a pressure of about 1000 hPa,

temperatures between 243 and 313 K, and relative humidi-

ties with respect to water between 0.02 and 78%. A typ-

ical experiment was performed with an excess concentra-

tion of ozone and step-wise addition of the organic reactant.

SOA particles were generated by reacting (1S)-(-)-α-pinene

(99%, Aldrich) and (S)-(-)-limonene (>97%, Merck) with

ozone in the dark. The simulation chamber (Fig. 1) has a

total volume of 84.5 m3, an upright cylindrical shape with

a total surface area of 103 m2, and a cross sectional area of

12.6 m2. Before each experiment the AIDA chamber was

evacuated to typically 1 Pa total pressure, flushed two times

with 10 hPa of synthetic air and filled to atmospheric pres-

sure (∼1000 hPa) with humidified or dry synthetic air (low

hydrocarbon grade, Basi). To inhibit interference by OH rad-

icals that are formed during the ozonolysis, 500 ppm of cy-

clohexane (99.5%, Merck) was added as radical scavenger.

In most experiments ozone was first filled into the chamber

to measure the level of background particle formation be-

fore the terpenes were added. These particles were formed

typically 15–20 min after the addition of ozone in varying

number concentrations but with negligible mass concentra-

tions. Ozone was generated by a silent discharge genera-

tor (Semozon 030.2, Sorbios) in mixing ratios of about 3%

in pure oxygen and added to the chamber either directly or

more typically after dilution to about 1% in a 1 litre glass bulb

which was flushed into the chamber with a flow of 5 SLM

synthetic air. Defined amounts of the terpenes were added

by evaporating 2–4 hPa into 1 and 2 litre glass bulbs, dilut-

ing them with synthetic air, and flushing the contents into the

chamber with 10 SLM synthetic air for 3 min. In most ex-

periments the terpenes were added in subsequent steps with

increasing amounts to the excess of ozone. The next portion

of the terpene was introduced into the chamber after the pre-

viously added amount had been consumed. In this way the

organic aerosol mass concentrations reached relatively sta-

ble values before the next portion was added. The experi-

ments were done without special seed aerosol particles and

therefore new particles were formed after the first addition

of the terpene to the excess of ozone. The amount of ozone

in the chamber was chosen to achieve >95% oxidation of
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Fig. 1. Schematic of the AIDA simulation chamber with the typical instrumentation for experiments with SOA.

the terpenes within about 2 h, but avoiding substantial new

particle formation after the initial nucleation. Especially for

limonene and for the coldest temperatures, it was not always

possible to avoid new particle formation after the first addi-

tion, but the dominant mass fraction always condensed on

the pre-existing organic aerosol. The ozone was replenished

typically one or two times during the experiments to main-

tain the concentration levels required. Due to its excellent

temperature control and large size, the AIDA chamber en-

abled us to make experiments at temperatures between 243

and 313 K and on time scales of up to 36 h. A mixing fan

in the chamber was running during all experiments provid-

ing typical 95% mixing times of 3 min. The initial terpene

concentrations, humidity ranges, and average temperatures

are summarised in Tables A1 and A2. To investigate the role

of the OH scavenger, in two experiments 2-butanol (99.5%,

Merck) was used instead of cyclohexane and three experi-

ments were done without radical scavenger. For experiments

with α-pinene the temperature was varied between 313 and

243 K and for experiments with limonene between 313 and

253 K. In most experiments the humidity was chosen to be

close to or for practical reasons just a little below typical at-

mospheric conditions. In order to investigate the impact of

water on the SOA yields the water mixing ratios were re-

duced to only a few ppm in some experiments.

The typical instrumentation for SOA experiments and a

schematic of the AIDA chamber are shown in Fig. 1. The

dilution tracer SF6, ozone and α-pinene were measured by

FTIR long path (254 m) absorption spectroscopy (IFS66/v,

Bruker). Ozone was measured simultaneously with an ozone

monitor (O3-41M, Environment) connected to the chamber

via a Teflon tube. Water concentrations were measured with

a frost point mirror hygrometer (373LX, MBW) and in situ

by absorption spectroscopy using a tuneable diode laser at

1370 nm. During the campaigns in 2005 and 2006 α-pinene,

limonene, pinonaldehyde, and cylohexanone were measured

with a Proton Transfer Reaction Mass Spectrometer (PTR-

MS, Ionicon). The PTR-MS was sampling from the AIDA

chamber via a stainless steel tube (4 mm inner diameter)

through a Teflon filter (PTFE, 0.2 µm pore size, Satorius)

in the thermostated housing which could also be bypassed.

The filter removed aerosol particles from the sample flow to

avoid possible evaporation of aerosol particles in the inlet of

the PTR-MS. The PTR-MS measurements were taken with

a time resolution of 5 min. The accuracies (1σ -error of the

sensitivities) for the detection of α-pinene, limonene, pinon-

aldehyde, and cylohexanone were ±6%, ±6%, ±20%, and

±5%, respectively, during the 2005 experiments and ±4%,

±6%, ±22%, ±5% for the 2006 experiments.
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Particle number concentrations were measured with con-

densation particle counters (CPC 3022A and CPC 3025A,

TSI) outside the thermostated housing via stainless steel

tubes extending 35 cm into the AIDA chamber. The ab-

solute uncertainty of the number concentrations was esti-

mated to ±20% by comparison of the different CPCs with

each other and with an electrometer (3068, TSI). Size dis-

tributions were obtained using two mobility particle sizers

(DMA 3071 & CPC 3010, TSI), one outside (SMPS) and

one inside the thermostated housing (DMPS). Typical time

intervals for size distribution measurements inside the ther-

mostated housing were 25 min (DMPS) and outside 6 min

(SMPS). Volume size distributions were normalised to the

total number concentrations and integrated to obtain parti-

cle volume concentrations. The uncertainty of the particle

volume concentrations obtained this way was estimated to

±30% taking into account the uncertainty in the total number

concentrations and the relative importance of the larger par-

ticles. The typical residence time of aerosol particles in the

room temperature sections of the sampling lines for measure-

ments with the CPC’s and the SMPS is 2 s. Differences be-

tween measurements with the SMPS (with DMA particle se-

lection at room temperature) and the DMPS (with DMA par-

ticle selection at aerosol chamber temperature) were within

measurement uncertainties even for the lowest temperatures

in the aerosol chamber. Nevertheless, the SMPS results were

normalised to the DMPS data to correct for potential particle

losses due to evaporation. The particle mass and composi-

tion was measured with an aerosol mass spectrometer (Q-

AMS, Aerodyne) connected via a stainless steel tube to the

simulation chamber. The sampling tube was kept at AIDA

temperature up to the inlet valve of the AMS. AMS mea-

surements were taken with a time resolution of 5 min. Com-

parison of mass size distributions (AMS) with volume size

distributions (DMA) was used for SOA density evaluation.

Changes in particle volatility were measured with a volatil-

ity tandem differential mobility analyser (VTDMA). This in-

strument and the main results of the volatility measurements

are described in a recent publication (Jonsson et al., 2007).

SOA particles were also collected on Teflon filters (PTFE,

47 mm diameter, 0.2 µm pore size, Satorius) via stainless

steel tubes. Before the filter annular denuders coated with

vacuum grease (Apiezon L) were used to remove gaseous or-

ganics. The filters were extracted with 6 ml of methanol and

analysed by e.g. CE-MS. Details of the analysis method can

be found elsewhere (Iinuma et al., 2004). If not stated other-

wise uncertainties reported in this paper correspond to values

of two sigma.

3 Modelling

In order to provide a flexible framework for the detailed anal-

ysis of the experiments outlined above, the sectional aerosol

behaviour code COSIMA (Naumann, 2003) has been ex-

tended to simulate the formation and dynamics of secondary

organic aerosol systems in chambers (Naumann, 2009). The

physical aerosol processes treated in COSIMA-SOA include

particle diffusion to the walls and sedimentational deposi-

tion, coagulation, condensation and evaporation, wall losses

of trace gases and dilution effects due to sampling. The

chamber wall is assumed to act as an irreversible sink for

particles and trace gases. Transport of trace gas molecules

to and away from the particle surface is modelled kineti-

cally under consideration of the Kelvin effect. Therefore,

non-equilibrium situations, e.g. due to transport limitations,

are properly accounted for. Dahneke’s approach was em-

ployed to interpolate between the continuum and free molec-

ular regimes (Dahneke, 1983). Since the current version of

the model does not explicitly account for nucleation, simu-

lations are initialised with a measured size distribution or by

feeding a well defined particle mode into the control volume

over a time interval corresponding to the experimental obser-

vation of new particle formation.

Detailed reaction schemes for the gas phase oxidation of

α-pinene and limonene over the whole range of tempera-

tures between 243 and 313 K are not available. COSIMA-

SOA so far simply assumes the formation of a certain num-

ber of effective reaction products from a given set of precur-

sors. There is no principal limitation regarding the number

of educts and products considered in the model. For each

product i partitioning into the condensed phase the following

properties have to be specified: molar mass MWi , mass sto-

ichiometric yield αi , bulk vapour pressure p0
i , mass density

ρi , surface tension σi , gas phase diffusivity Di , effective ac-

commodation coefficient γi , and a rate constant ki for its first

order wall loss. Thermodynamically the condensed phase is

treated as an ideal organic mixture since any extrapolation of

e.g. activity prediction schemes like UNIFAC (Fredenslund

et al., 1977) down to temperatures as low as 243 K is associ-

ated with great uncertainties. While the chemical composi-

tion may vary with particle size, all particles within a given

size bin are assumed to be equally composed.

The temperature dependent rate coefficients for the

ozonolysis of α-pinene were taken from the work of Atkin-

son (Atkinson et al., 1982; Atkinson, 1997). For the sim-

ulations of the limonene ozonolysis the rate coefficient and

corresponding temperature dependence reported by Kham-

aganov and Hites (Khamaganov and Hites, 2001) was used.

Based on this, the time evolutions of the reactant and gaseous

product concentrations as well as particle size distribution,

mass and number concentrations were calculated and com-

pared to the respective experimental results. This intercom-

parison allowed to establish the minimum number of effec-

tive product compounds required to reproduce the measured

data within the experimental uncertainty and to determine the

properties of the reaction products partitioning into the con-

densed phase.

While the kinetic modelling of product partitioning be-

tween gas and particulate phase allows to account for
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Fig. 2a. Evolution of measured trace gas, particle number, and mass concentrations (symbols) and model results including wall losses (lines)

for experiment SOA05-2 at 303 K.

non-equilibrium behaviour, it may significantly increase the

numerical effort to be dealt with during the simulation

runs. Therefore, a large amount of work still relies on the

assumption that in the course of SOA formation equilibrium

is rapidly established between the gas and the condensed

phase. A very popular and convenient concept has been

devised by Pankow, see e.g. (Seinfeld and Pankow, 2003).

In this K-α approach the aerosol yield Y=Mo/1MTerpene is

given by

Y =
∑

i

Yi = M0

∑

i

αiKi

1 + KiM0
(1)

where M0 represents the particle mass concentration pro-

duced from the reacted fraction 1MTerpene of the total precur-

sor mass concentration MTerpene and Ki denotes the equilib-

rium gas phase/particle partitioning coefficient of component

i. The fact that complex chemical processes – from the initial

terpene oxidation step to the formation of condensable prod-

ucts – determine the yields of the individual product masses

Mi is accounted for by defining mass based stoichiometric

yield coefficients αi ,

αi · 1MTerpene = Miand Mi = M l
i + M

g

i and Y · 1MTerpene =
∑

M l
i (2)

www.atmos-chem-phys.net/9/1551/2009/ Atmos. Chem. Phys., 9, 1551–1577, 2009
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Fig. 2b. Evolution of measured trace gas, particle number, and mass concentrations (symbols) and model results including wall losses (lines)

for experiment SOA05-10 at 243 K.

where M l
i and M

g

i denote the mass concentrations of com-

ponent i in the particle and in the gas phase, respectively.

Assuming ideal mixing, the temperature dependence of Ki

can be represented by Eq. (3):

Ki =
M l

i

M
g

i · M0

=
10−6 · R · T

〈MWO〉 · p0
i

=
10−6 · R · T

〈MWO〉 · B0
i

exp

(

1H 0
i

RT

)

[

m3µg−1
]

(3)

Here R stands for the gas constant, T for the absolute tem-

perature, and <MWO> for the average molar weight of the

condensed matter. Further, B0
i denotes the preexponential

constant in the Clausius–Clapeyron type expression for p0
i

and 1H0
i is the enthalpy of vaporisation of component i. The

description of αi as function of T requires detailed knowl-

edge about the important temperature dependent steps in the

degradation mechanism which are still uncertain. The anal-

ysis of the temperature dependence of these coefficients will

therefore remain beyond the scope of this paper.

A potential drawback of the K-α approach associated with

the neglect of non-equilibrium processes could arise from

the size dependence of the vapour pressure of small parti-

cles due to the Kelvin effect. During the early stages of

chamber experiments on SOA formation, for example, con-

stant Ki values will definitively prove inadequate to describe

the observed aerosol dynamics except for cases where seed

aerosol is used to suppress new particle formation. Fur-

thermore, product vapour pressures determined by fitting

Eqs. (1) and (2) to measured Y vs. M0 data series will show

Atmos. Chem. Phys., 9, 1551–1577, 2009 www.atmos-chem-phys.net/9/1551/2009/
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a tendency towards overestimation. However, chamber stud-

ies focussing merely on aerosol yield and mass concentration

may not be severely affected by the Kelvin effect since the

contribution of the small particle fraction to the overall mass

of an aged aerosol is often negligible.

4 Results and discussion

All experiments with α-pinene and limonene considered in

this paper are listed in Tables A1 and A2, respectively. They

include temperature, relative humidity, initial monoterpene

concentrations, corresponding peak concentrations of the

particle mass, as well as SOA yields obtained for each time

interval following the addition of terpene. The yields pre-

sented in Tables A1 and A2 were calculated using the param-

eterisations derived from the COSIMA-assisted evaluation

of the measurements as described in detail below. Because

significant amounts of newly formed condensable oxidation

products were lost directly from the gas phase to the walls of

the AIDA chamber, an effect which cannot be corrected for

by straightforward procedures, it proved impossible to con-

duct an analogous analysis within the framework of the K-α

approach for comparison (cf. Sect. 4.1.1).

4.1 SOA from α-pinene ozonolysis

The formation of SOA from the ozonolysis of α-pinene was

investigated in the temperature range 243–313 K, for total or-

ganic aerosol mass concentrations ranging up to 820 µg m−3,

for water mixing ratios ranging from a few ppm to several

104 ppm, and with and without the radical scavengers cyclo-

hexane and 2-butanol. The typical behaviour of the measured

trace gas and particle concentrations is shown for one exper-

iment at 303 K and for one at 243 K in Fig. 2 including a

comparison with model results. The α-pinene concentrations

rapidly decrease after addition to the excess of ozone. Since

the time resolution of the α-pinene measurements is about

5 min the model fit to data is initialised with the absolute

amount of α-pinene added to the chamber. The kinetics of

the α-pinene+ozone reaction was reproduced without signif-

icant discrepancies by extrapolating the temperature depen-

dence of rate coefficients from the literature (Atkinson et al.,

1982; Atkinson, 1997). A more thorough analysis of the low

temperature kinetics of the α-pinene+ ozone reaction will be

given elsewhere (Tillmann et al., 2008).

With respect to the particulate phase our analysis revealed

that the assumption of only two effective reaction products

(proxies) is sufficient to reproduce the experimental results

well within their errors for all conditions considered in our

study. In the following product 1 will represent a com-

pound with low volatility which can act as a solvent for a

semivolatile product 2. For α-pinene the aerosol mass con-

centrations were calculated from experimental size distribu-

tions using a SOA material density of (1.25±0.1) g cm−3

as determined by comparing the size distributions measured

with the AMS and SMPS instruments (c.f. Sect. 4.1.2.). The

central plots in Fig. 2 show the observed and simulated time

evolution of the particle number and mass concentrations as

well as the predicted mass concentrations of the two effective

SOA forming reaction products of the α-pinene oxidation. In

Fig. 3 measured size distributions (colour coded) are com-

pared with modelled isolines of the corresponding number

concentrations on a logarithmic scale. At 303 K nucleation

only occurred after the first addition of the α-pinene to an

excess of ozone. At lower temperatures new particles were

also formed in subsequent additions. However, the dominant

mass fraction always resulted from condensation onto SOA

particles which had been formed after the first addition of

α-pinene.

At and above 303 K the initial growth rate of the SOA

mass is comparable to the decay rate of the α-pinene mass.

Hence, the ozonolysis is the rate limiting step for the SOA

formation under these conditions. With decreasing tempera-

ture, however, the initial rate of SOA mass formation grad-

ually slows down compared to the decay of the precursor

mass concentration. At 243 K the degradation of α-pinene

proceeds approximately two times faster than the creation

of condensed material. Although diffusion of condensable

species from the gas phase to the surface of the particles be-

comes slower with decreasing temperature, the model anal-

ysis indicates that this effect cannot explain the observed re-

tardation of SOA formation. More likely intermediate reac-

tion products become more stable at lower temperatures, thus

retarding the formation of condensable compounds. Further-

more, the predominant reaction pathways contributing to the

SOA yield may differ from the kinetics at elevated temper-

atures. Since COSIMA-SOA does not contain a detailed

chemistry module, the easiest way to account for this effect

is to artificially decrease the effective accommodation coef-

ficients γi , thereby formally transforming the chemical de-

lay into a pseudo transport limitation. As a consequence of

this measure the γi are decreasing with decreasing temper-

ature in contrast to most observations and should not be re-

garded as physically meaningful parameters (cf. Sect. 4.1.3).

Please note, however, that the observed delay in SOA for-

mation compared to the depletion of the precursor under

cold conditions could prove a serious obstacle regarding

the unambiguous interpretation of online measurements of

dMSOA/dMTerpene with respect to low temperature yields.

4.1.1 Wall losses in the simulation chamber

In the course of the experiments trace gases and particles are

inevitably lost to the aluminium walls of the AIDA simu-

lation chamber. This sink must be carefully accounted for

to allow a quantitative determination of SOA yields (Kroll et

al., 2007). The formalism implemented into COSIMA to cal-

culate size and temperature dependent diffusional and sed-

imentational particle wall loss rates is presented elsewhere

www.atmos-chem-phys.net/9/1551/2009/ Atmos. Chem. Phys., 9, 1551–1577, 2009
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Fig. 3a. Evolution of the measured (colour code) and modelled

(lines) particle size distribution for experiment SOA05-2 at 303 K.

 

Fig. 3b. Evolution of the measured (colour code) and modelled

(lines) particle size distribution for experiment SOA05-10 at 243 K.

(Naumann, 2003). It has been extensively validated against

experimental results for compact and fractal-like particles

(Bunz and Dlugi, 1991; Naumann, 2003; Wentzel et al.,

2003). Ozone wall loss rates are most reliably determined

by inspecting the decrease of the O3 concentration in the

absence of other reactants. However, in order to match the

measured time evolution of the O3concentration as close as

possible, first order loss rate constants were fitted individ-

ually for each time interval initiated by adding α-pinene

or ozone into the chamber. The initial wall loss rate con-

stant for ozone decreased from (3.9±2.1)×10−5 s−1 at 303 K

(average over seven experiments) to (5.2±3.2)×10−6 s−1 at

243 K (average over four experiments). During one exper-

iment the value always decreased due to the passivation of

the chamber walls for ozone loss. The observed minimum

was (2.4±1.3)×10−5 s−1 at 303 K (average over seven ex-

periments) and ranged from effectively zero to 2.0×10−6 s−1

at 243 K. Generally, there is a tendency towards reduced O3

wall losses for dry conditions compared to humid ones.

In comparison to the ozone case, quantifying the losses

of the low and semivolatile oxidation products of α-pinene

from the gas phase to the chamber wall is more complex. By

adding the organic precursor to an excess of ozone, supersat-

uration of condensable species is rapidly established in the

gas phase, leading to a fast partitioning into the particulate

phase as manifested by the corresponding increase in SOA

mass concentration (cf. Fig. 2). However, irreversible wall

losses of semivolatile and, to a smaller extent, low volatile

oxidation products always counteract the condensation pro-

cess, eventually leading to evaporation of SOA material once

the precursor has been sufficiently depleted. The correspond-

ing decay of SOA mass concentration is most pronounced

during time intervals initiated by adding large amounts of α-

pinene into the chamber. The calculated decay of airborne

mass and the related decrease in particle size proved to be

quite sensitive to the wall loss rate coefficient of product 2.

The values thus determined for k2 ranged from 1.0×10−4 s−1

to 7.0×10−4 s−1 for different experiments. Due to the much

lower vapour pressure of product 1 the effect of k1 on the

time evolution of mass concentration and particle size is less

pronounced, especially at low temperatures. The model anal-

ysis revealed, however, that the simulated evaporational loss

rate of small particles and thus the calculated number con-

centration also responds to significant changes of k1. There-

fore, by considering mass and number concentrations as well

as size distributions simultaneously it proved possible to ob-

tain reasonable estimates for k1 ranging from 1×10−4 s−1 to

3×10−4 s−1. It should be noted that neither k1 nor k2 showed

a significant dependence on temperature.

The findings outlined above indicate that considerable

amounts of condensable material are lost from the gas phase

to the chamber wall in the course of an experiment. The

bottom graphs in Fig. 2 display the computed time evolu-

tion of the SOA mass concentration together with those of

the integrated wall losses from gas and particulate phase,

respectively, the latter being converted to units of mass per

volume in order to facilitate the comparison. At 303 K the

amount of material lost from the gas phase is of the same or-

der of magnitude as the observed SOA concentration. The

associated loss term is clearly dominated by the semivolatile

product 2, reflecting both its higher vapour pressure and its

Atmos. Chem. Phys., 9, 1551–1577, 2009 www.atmos-chem-phys.net/9/1551/2009/



H. Saathoff et al.: α-pinene and limonene SOA yields 1559

larger yield coefficient. Modelling the 243 K scenario the

simulation predicts – except for the time interval following

the first addition of α-pinene – a much smaller relative loss of

condensable products from the gas phase to the wall which,

however, still comprises a significant part of the total product

yield. Again, the major portion of the gas phase wall loss is

attributed to product 2. Please note, that for both cases il-

lustrated in Fig. 2 the total of condensable gaseous species

lost to the chamber wall remains well below the equivalent

of one monolayer (estimated to about 200 µg m−3 based on

the molecular size parameters reported by Bilde and Pan-

dis (2001) and assuming a perfectly flat wall surface). The

same applies to all experiments considered in this paper. Fur-

thermore, modelling experiments SOA05-1 and SOA05-13

conducted at 303 K where the time evolutions of size distri-

bution and mass concentration have been monitored for more

than 17 h after the last injection of α-pinene the observations

could be consistently reproduced allowing complete evapo-

ration of product 2 from the particle phase. Thus, the as-

sumption of irreversible wall losses appears to be reasonable.

For all experiments the calculated loss of particulate mass to

the chamber walls turns out to be comparatively small. The

contribution of this loss term to the mass balance is always

much less than the uncertainty of the experimental airborne

mass concentration as determined from the SMPS measure-

ments. For a given amount of precursor it increases on an

absolute scale with decreasing temperature due to the higher

mass yields and the formation of larger particles. Regarding

the cases considered in Fig. 2 the diffusional and sedimenta-

tional particle wall loss rates increase roughly three and six

times, respectively, going from 303 K to 243 K.

Due to the large wall loss rate coefficients of the gaseous

oxidation products in the AIDA chamber the transport rates

of condensable matter from the gas phase to the particle sur-

face and to the wall become comparable by order of magni-

tude. As a result, newly formed condensable material may be

lost directly to the wall without ever having partitioned into

the SOA phase. Consequently, it proves very difficult to cor-

rect the SOA yields determined by analysing the time evo-

lution of the particulate mass concentration for wall losses

and evaporation effects in a straightforward manner. Pathak

et al. (2007b) fitted a first order expression to the observed

time evolution of the aerosol mass M(t) using measurements

where more than 90% of the initial α-pinene had reacted.

The produced SOA was then calculated according to

SOA(t) = M(t) + k

∫ t

0

M(t)dt − MS (4)

with k representing the first order loss rate constant and MS

the mass of pre-existing aerosol at time t=0, respectively.

Other studies applied bi-exponential fits to the measured

M(t)-data, thereby representing both SOA formation and

SOA losses by first order rate laws. These procedures rely

on the assumption that only losses from the particulate phase

need to be accounted for. However, for the AIDA experi-

ments presented in this paper the presupposition of negligi-

ble gas phase wall losses of low and semi-volatile organic

species is definitely not fulfilled. The same could be true

for other chambers as well. Please note, however, that the

aerosol mass wall losses reported by Pathak et al. (2007b)

(10 m3 Teflon reactor, k=0.07 to 0.48 h−1) are roughly 20 to

200 times higher than in AIDA at comparable temperatures.

If wall losses of condensable products from the gas phase

are much smaller in Teflon bags compared to our estimates

then particle removal could indeed be the most relevant loss

process in SOA work conducted similarly to the experiments

described by Pathak et al. (2007b). In our case, the detailed

process model analysis of SOA experiments, although much

more complex due to the simultaneous consideration of trace

gas and particle wall loss effects on size distribution as well

as mass and number concentration, allows accounting for all

relevant loss processes without suffering from the limitations

mentioned above. Consequently, knowing the gas phase and

particle wall losses as function of time, the evolution of the

total SOA yield is then readily evaluated.

4.1.2 Density of the organic aerosol from α-pinene

ozonolysis

Effective densities of the SOA were derived from compar-

isons of the mass distribution and volume distribution of the

aerosol measured with an aerosol mass spectrometer (AMS)

and an SMPS, respectively. While the AMS measures mass

distribution versus vacuum aerodynamic diameter, the SMPS

measures size distribution versus mobility diameter. The

SMPS size distribution can be converted into a volume dis-

tribution versus mobility diameter. The two diameters are

related via:

ρeff =
dva

dm

ρ0 (5)

where ρeff is the effective density, dva the vacuum aerody-

namic diameter, dm the mobility equivalent diameter and ρ0

is unit density (DeCarlo et al., 2004). When determining the

effective density the following approach was used. Each vol-

ume and mass distribution was fitted with a log normal dis-

tribution. An interpolation was used to account for the dif-

ferent time resolutions of the two instruments. The mode di-

ameters of the fitted distributions were taken as dva and dm,

respectively, to determine ρeff from Eq. (5). The method has

been proven successful to better than ±10% (Bahreini et al.,

2005). Figure 4 shows the effective densities of SOA formed

by ozonolysis of α-pinene during four different experiments

performed at different temperatures and at humid conditions.

In the humid experiments no temperature dependence of

the effective SOA density can be observed. All densities

agree within the errors and show an average SOA density of

(1.25±0.10) g cm−3. This value is somewhat higher than the

density of (1.04±0.09) g cm−3 (Wirtz and Martin-Reviejo,

2003) determined by combining SMPS and microbalance
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Table 1. Mass stoichiometric yield parameters (αi), vapour pressures (pi ), partitioning coefficients (Ki ), and effective accommodation

coefficients (γi) determined for two effective SOA forming products of the α-pinene ozonolysis.

Experiment T RH α1 α2 p1 p2 K1 K2 γ c
1 γ c

2
[K] [%] [bar] [bar] [m3 µg−1] [m3 µg−1]

SOA03-5 313.2 16 0.057 0.185 1.5E-10 8.5E-09 1.0 0.018 0.160 1.000

SOA03-4 303.3 38 0.089 0.185 1.1E-10 7.0E-09 1.3 0.021 0.220 1.000

SOA05-1 303.2 46 0.121 0.169 1.0E-10 7.0E-09 1.4 0.021 0.200 1.000

SOA05-2 303.3 0.02 0.106 0.235 8.0E-11 7.0E-09 1.8 0.021 0.200 1.000

SOA05-12a 303.2 44 0.205 0.321 7.5E-11 7.0E-09 1.9 0.021 0.300 1.000

SOA05-13 303.2 44 0.168 0.222 9.0E-11 7.0E-09 1.6 0.021 0.200 1.000

SOA06-1b 303.0 46 0.12 0.184 1.1E-10 7.0E-09 1.4 0.021 0.200 1.000

SOA06-3 303.2 45 0.122 0.272 9.0E-11 7.0E-09 1.6 0.021 0.200 1.000

SOA03-3 293.3 35 0.115 0.274 6.0E-11 5.0E-09 2.3 0.028 0.300 0.850

SOA03-2 283.4 31 0.127 0.358 (8.0E-11) 3.4E-09 (1.7) 0.040 0.300 0.550

SOA03-1 273.6 30 0.191 0.364 (1.2E-10) 2.4E-09 (1.1) 0.055 0.200 0.300

SOA06-6 273.0 73 0.205 0.593 7.0E-12 2.4E-09 18.8 0.055 0.190 0.300

SOA03-6 253.2 70 0.198 0.877 1.0E-12 7.0E-10 123.1 0.176 0.100 0.012

SOA05-8 253.0 68 0.198 0.976 8.3E-13 1.0E-09 148.4 0.123 0.100 0.012

SOA05-7 252.9 0.17 0.198 0.791 8.3E-13 1.0E-09 147.9 0.123 0.100 0.007

SOA05-9 243.1 71 0.219 1.04 2.5E-13 7.0E-10 473.1 0.169 0.100 0.030

SOA05-10 243.1 7.5 0.219 1.04 2.5E-13 7.0E-10 473.1 0.169 0.100 0.010

a No OH scavenger added. b 2-Butanol used as OH scavenger. c values strongly influenced by changes in chemical reaction mechanism.

Values in brackets could not be determined unambiguously.

(TEOM) data at 299 K. It agrees well with densities ob-

tained in other experiments combining AMS and SMPS data,

1.19 g cm−3 (Bahreini et al., 2005), 1.30 g cm−3 (Alfarra et

al., 2006), and 1.23 g cm−3 reported by Shilling et al. (2008)

for SOA mass concentrations above about 15 µg m−3 but it

is lower than the value of ∼1.5 g cm−3 given by Kostenidou

et al. (2007) that was also obtained from SMPS-AMS at

293 K. Under dry conditions a larger variability of the ef-

fective densities was observed. Possibly this could be due to

shape factors being in effect in the absence of water. How-

ever, shape factors significantly different from unity are not

supported by the model analysis of the aerosol dynamics.

Since no independent determination of the shape factor was

possible in these experiments, the same average density of

(1.25±0.10) g cm−3 was applied for the dry experiments as

for the humid experiments. No significant change with time

in the effective density of the SOA was observed for experi-

ments conducted during 24 h (SOA05-1).

4.1.3 Parameters of the two effective SOA forming

products (proxies)

In the following the parameterisation optimised to reproduce

the experimental results within the framework of a two prod-

uct model approach will be presented and discussed. The

results of the COSIMA-assisted analysis regarding the mass

stoichiometric yield coefficients αi ,the partitioning coeffi-

cients Ki , the bulk vapour pressures p0
i , and the effective

accommodation coefficients γi are summarised in Table 1.

Some experiments listed in Table A1 were omitted in Table 1

because the database was insufficient for an independent de-

tailed model analysis. For example, the evaluation of sin-

gle step experiments at low SOA mass concentrations often

suffered from ambiguous quantification of the wall losses of

condensable species. Not all parameters could be determined

by fitting simulated time evolutions of particle size distri-

bution, mass and number concentration to measured ones.

The molar masses MWi , the surface tensions σi , and the gas

phase diffusivities Di of the condensable product species had

to be specified beforehand as outlined below.
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For all experiments molar masses for products 1 and 2

were taken as 186 g mol−1 and 168 g mol−1, respectively.

These values correspond to typical monomeric oxidation

products of α-pinene like pinic acid and pinonaldehyde, re-

spectively (Yu et al., 1999a; Jenkin, 2004). Using higher val-

ues as typical for dimers or trimers would result in reduced

molecular transport rates from the gas phase to the particle

surface. However, the SOA yields predicted by COSIMA

depend only weakly on the choice of these parameters. Ap-

plying higher molar masses would lead to reduced molar

yields in order to retain the mass yield factors αi . These

were fixed independently by matching the calculated aerosol

particle mass concentrations cM (t) to the respective observed

ones.

The surface tensions of the two product proxies deter-

mine the magnitude of the Kelvin effect which mainly af-

fects the evaporation rates of small particles and therefore

manifests itself in the time evolution of the particle num-

ber concentration cN . A parameter analysis revealed that

cN is both sensitive to variations of bulk vapour pressures

p0
i and surface tensions σi . However, similar to the expe-

riences reported by Bilde and Pandis (2001) we could not

obtain reasonable results for the temperature dependence of

σ1 and σ2 by fitting them to our experimental data simul-

taneously with the vapour pressures. Therefore we decided

to conduct our simulations assuming constant surface ten-

sions. For pinic acid a surface tension has been estimated

theoretically to 34.22 dyn cm−1 (Cai and Griffin, 2005) and

to (110±90) dyn cm−1 (Koch et al., 2000) from experimental

data. Since product 1 exhibits a much lower vapour pressure

than pinic acid (as will be discussed below), we consider

it reasonable to apply an accordingly adjusted value for σ1.

The value of σ1=80 dyn cm−1 adopted in our model runs re-

sulted in good agreement between measured and calculated

aerosol properties. The value of 30 dyn cm−1 used for prod-

uct 2 lies well within the range of 20–40 dyn cm−1 typically

observed for pure saturated organic liquids (Bilde and Pan-

dis, 2001). For the gas phase diffusion coefficients of prod-

ucts 1 and 2 values increasing from 0.040 cm2 s−1 at 243 K

to 0.056 cm2 s−1 at 313 K were calculated from the Lennard-

Jones parameters provided by Bilde and Pandis (2001) using

the correlation given in Poling et al. (2000).

The choice of the effective accommodation coefficients

γi significantly affects particle growth kinetics and thus the

predicted time evolutions of aerosol particle mass concen-

tration and size distribution. Simulating their outdoor smog

chamber experiments on the photooxidation of m-xylene in

the presence of NOx, Bowman et al. (1997) estimated γ to

have a value between 0.1 and 1, with γ =0.2 resulting in a

good fit to their experimental observations. This value has

subsequently been adopted in other studies, but many work-

ers still prefer the limiting value 1.0. Considering prod-

uct 1, we find good agreement between measurements and

simulations using γ1=0.19–0.30 for temperatures T ≥283 K

(cf. Fig. 3b) in accordance with Bowman et al. (1997) while

 

Fig. 4. Effective density of SOA from α-pinene ozonolysis as de-

termined by combining AMS and SMPS data for four different ex-

periments.

significantly larger γ1 values resulted in overestimating the

particle growth rate. Regarding product 2, optimum simu-

lation results were obtained with γ2=1.0 for T ≥303 K. For

temperatures around and below 253 K it proved necessary to

reduce γ1 to 0.1. A much more pronounced temperature de-

pendence was found for γ2 which decreased to 0.01–0.03 for

T =243 K. Of course, from a purely physical point of view

one would expect accommodation coefficients to increase

with decreasing temperature. Here, however, the observed

temperature dependencies of γ1 and γ2 are mainly reflecting

the chemically induced low temperature retardation of SOA

formation in relation to the consumption of α-pinene as al-

ready outlined in Sect. 4.1. Therefore, in the context of this

paper γ1 and γ2 have to be considered as effective quanti-

ties without well defined physical meaning. The temperature

dependent effective accommodation coefficients listed in Ta-

ble 1 should thus be useful with model approaches that do not

attempt to consider resistances in the SOA formation chan-

nels within a more or less detailed chemical reaction scheme

beyond the primary terpene oxidation step.

Figure 5 shows the temperature dependences of the vapour

pressures (p1; p2) of the two effective SOA forming ozonol-

ysis products (proxies) of α-pinene. Figure 6 shows the mass

stoichiometric yields of the two effective SOA forming prod-

ucts (α1; α2) and the partitioning coefficients (K1; K2) as a

function of temperature. Please note that K1 and K2, calcu-

lated from p1 and p2 in the limit of large Mo where <MWo>

approaches a constant value, are provided here in order to

facilitate the comparison of our results with literature data.

Since the concept of partitioning coefficients is only mean-

ingful for equilibrated systems it is not used within the frame-

work of the COSIMA model. The mass stoichiometric yield

coefficient α2 is increasing from about 0.2 above 300 K and

approaching unity around 250 K. α2 shows much stronger
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Fig. 5a. Temperature dependence of the vapour pressure of the less

volatile SOA forming product 1 of the ozonolysis of α-pinene.

Fig. 5b. Temperature dependence of the vapour pressure of the

more volatile SOA forming product 2 of the ozonolysis of α-pinene.

temperature dependence than α1 and a different functional

dependence. The temperature dependence for α1 can be ap-

proximated with a linear fit while for α2 an almost exponen-

tial behaviour can be fitted. The physical meaning behind

this is however not established. The following parameterisa-

tions of the mass stoichiometric yield coefficients (αi) were

derived from the individual experiments for the temperature

range between 243 and 313 K and for humid conditions:

α1 = (0.715±0.138) − (0.0020±0.0005) ∗ T (6)

α2 = (1200±400) ∗ exp(−T/(35±2)) (7)

Fig. 6a. Temperature dependence of the mass stoichiometric yield

coefficients of the two effective SOA forming reaction products of

the ozonolysis of α-pinene.

Fig. 6b. Temperature dependence of the partitioning coefficients of

the two effective SOA forming reaction products of the ozonolysis

of α-pinene.

The sum of α1 and α2 may approach a maximum value

of 1.25 at 243 K if we assume an average molar mass for

the SOA of 171 g mol−1, i.e. a SOA composition of 17%

product 1 with 186 g mol−1 and of 83% product 2 with

168 g mol−1. Please note that at 243 K the SOA yield is at

its theoretical limit and the exponential fit exceeds this limit

by about 10%. However, considering estimated uncertainties

of about ±30% for the mass stoichiometric yield coefficients

a further interpretation is not reasonable. The value obtained

in this work for α1=0.11 at 302 K is significantly lower than

the value of α1=0.239 reported by Cocker et al. (2001) but

their value of α2=0.169 agrees within the uncertainties with
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our value of α2=0.22. Empirical fitting to a range of mea-

sured data led to values of α1=0.08 and α2=0.42 for 310 K

(Svendby et al., 2008). Figures 5 and 6b show that the tem-

perature dependence of the vapour pressures and the corre-

sponding partitioning coefficients follows typical Clausius –

Clapeyron behaviour. The following parameterisations of the

vapour pressures (pi) were derived from the individual ex-

periments for the temperature range 243–313 K and for hu-

mid conditions:

ln p1[bar] = (0.79±1.85) − (7234±520)/T (8)

ln p2[bar] = −(9.32±1.90) − (2875±533)/T (9)

The partitioning coefficients of ideal mixtures are directly re-

lated to the vapour pressures via Raoult’s law (see Eq. 3).

This is confirmed by the close agreement between the corre-

sponding slopes in Figs. 5 and 6b, but with opposite signs.

The corresponding parameterisations of the partitioning co-

efficients (Ki) for the temperature range between 243 and

313 K and for humid conditions assuming negligible Kelvin

effect are as follows:

ln K1[m
3µg−1] = −(28.7±1.6)+lnT+(7098±476)/T (10)

ln K2[m
3µg−1] = −(19.4±1.2)+lnT+(2970±545)/T (11)

The uncertainties estimated for p1 and K1 are ±50% for

313–273 K and ±100% for temperatures below this range.

The uncertainties estimated for p2 and K2 are ±50% for

313–243 K. The values calculated in this work for K1=1.67

and K2=0.021 at 302 K are significantly higher than the val-

ues of K1=0.056 and K2=0.0019 reported by Cocker et

al. (2001). Empirical fitting to a range of measured data led

to values of K1=0.5 and K2=0.005 for 310 K (Svendby et al.,

2008) which are closer to the results from this work but still

significantly lower. However, please note that such a direct

comparison could prove inconclusive e.g. due to the explicit

consideration of the Kelvin effect and non-equilibrium be-

haviour in our analysis. Besides, there may be additional

causes for these differences that cannot be identified in a

straightforward manner.

The vapour pressures extracted in the temperature range

243–313 K for the less and more volatile component range

from 2.5×10−14 to 1.5×10−10 and 7×10−10 to 8.5×10−9

bar, respectively. At 303 K the vapour pressures of the less

and more volatile SOA forming compounds are within the

same order of magnitude and comparable to vapour pres-

sures at 296 K of pinic acid (3.2×10−10 bar), cis-pinonic acid

(7×10−10 bar) and trans-norpinic acid (1.3×10−9 bar) (Bilde

and Pandis, 2001), but well below the vapour pressures of the

semivolatile compound pinonaldehyde. The vapour pressure

of pinonaldehyde was measured to be 5.1×10−5 bar at 298 K

and 7×10−6 bar at 243 K (Hallquist et al., 1997) but a recent

analysis resulted in lower values of 10−7 to 10−9 bar at 303 K

(Tillmann et al., 2009). Consequently, either of the two effec-

tive SOA forming products may represent the product class

of acid or diacid products while it is unrealistic to compare

with the much more volatile compounds with only carbonyl

functional groups (Capouet and Müller, 2006). However, this

is rather speculative, especially since several more oxidised

or dimeric/oligomeric compounds have been proposed to be

involved in SOA formation (Kalberer et al., 2004; Hamilton

et al., 2008).

The value of (24±9) kJ mol−1 determined here for the

effective evaporation enthalpy of the more volatile SOA

component (proxy) in the two product model is much

lower than the evaporation enthalpies of typical prod-

ucts produced in oxidation of α-pinene e.g. pinonalde-

hyde (75.5±5.6) kJ mol−1 (Hallquist et al., 1997), pinic

acid (109±21) kJ mol−1 (Bilde and Pandis, 2001), trans-

norpinic acid, (42±51) kJ mol−1 (Bilde and Pandis, 2001),

and straight chain C3-C9 diacids 91–184 kJ mol−1 (Bilde et

al., 2003; Chattopadhyay and Ziemann, 2005). The value is

also lower than effective evaporation enthalpies of about 33–

43 kJ mol−1 determined for SOA from the photooxidation of

α-pinene (Offenberg et al., 2006), values of 42–104 kJ mol−1

as estimated by Sheehan and Bowman (2001), and a value

of 38 kJ mol−1 obtained by analysis of datasets from 7 dif-

ferent groups (Svendby et al., 2008). One possible reason

for the low value of the effective evaporation enthalpy de-

termined in this paper is that the composition of the group

of compounds represented by proxy 2 is changing with tem-

perature. Using the PTR-MS measurements we could indeed

observe an increasing partitioning of pinonaldehyde into the

condensed phase with decreasing temperature and hence a

larger contribution to the semivolatile SOA fraction (Till-

mann et al., 2009). Including pinonaldehyde in our model

analysis with the molar yields determined by Tillmann et

al. (2009) but relying on the vapour pressure parameterisa-

tion derived by Hallquist et al. (1997) leads to a stronger tem-

perature dependence of the vapour pressure of the remain-

ing effective semivolatile SOA component as reflected by an

increase of the evaporation enthalpy to about 34 kJ mol−1.

While closer to the expected range this value is still low.

On the other hand, applying the vapour pressure recently

estimated by Tillmann et al. (2009), which is about two to

three orders of magnitude smaller than the value reported

by Hallquist et al. (1997), the results are almost consistent

with the two product approach. However, since the vapour

pressure of pinonaldehyde still seems to have substantial un-

certainty this compound was not included explicitly into the

model analysis presented in this paper. Clearly, the value

of (59±8) kJ mol−1 determined here for the evaporation en-

thalpy of the less volatile SOA component in the two product

model is more in line with the evaporation enthalpies of the

typical compounds from α-pinene oxidation. In conclusion,

the vapour pressures and evaporation enthalpies derived in

this work for the two SOA forming proxy components are in

line with real compound properties with the exception of the

low evaporation enthalpy of the more volatile component.
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4.1.4 Aerosol yields as function of aerosol mass

and temperature

Using the empirical correlations (6), (7), (10), and (11) fitted

to the αi and Ki of the two effective SOA forming products

of the α-pinene oxidation, Eq. (1) can be applied to calcu-

late SOA yields for temperatures in the range between 243

and 313 K assuming equilibrium conditions and negligible

Kelvin effect. In cases where small particles contribute sig-

nificantly to the SOA mass concentration Eq. (1) will pro-

vide an upper limit for the true yield. Figure 7 shows these

calculated yields over the SOA mass concentration range

from 1 and 1000 µg m−3 in comparison with yields deter-

mined by using the parameters representative of individual

experiments and selected data from the literature. From

several previous studies on α-pinene ozonolysis e.g. (Hoff-

mann et al., 1997; Griffin et al., 1999a; Gao et al., 2004;

Iinuma et al., 2004; Presto and Donahue, 2006; Song et al.,

2007; Stanier et al., 2007) the data by Cocker et al. (2001),

Pathak et al. (2007b), and Shilling et al. (2008) were selected

for comparison over the extended temperature, concentration

and humidity ranges in our study. All data shown in Fig. 7

were normalised to a density of 1.25 g cm−3 for comparison.

In order to keep this comparison as general as possible we

do not account for the potential influence of the Kelvin ef-

fect which depends strongly on the specific conditions of the

scenario under consideration, e.g. the particle size distribu-

tion. Please note, that we did not correct the organic aerosol

mass for its water content. This seems to be reasonable since

AMS measurements show average water to SOA mass ra-

tios ranging from 0.06 (303 K) to 0.03 (253 K) for humid

conditions and close to zero for dry conditions (Tillmann et

al., 2009). The approximation MO≈MO+H2O should there-

fore be valid especially for the lower temperatures investi-

gated. The yields determined by Cocker et al. (2001) and

Pathak et al. (2007b) are in general agreement with the re-

sults obtained in this work but show a little stronger depen-

dence on the organic particle mass concentration. The re-

sults of Pathak et al. (2007b) show a weaker temperature

dependence compared to this work. The SOA yields ob-

tained at 298 K for concentrations 1–40 µg m−3 by Shilling

et al. (2008) are about 50% higher. The deviation between

parameterisation and individual yields visible in Fig. 7 es-

pecially for the lowest and highest temperatures reflects the

uncertainties of the yield determination. The parameterisa-

tion has also been used to construct a temperature depen-

dence plot at constant organic aerosol mass concentration

(10 µg m−3), see Fig. 8. Please note that the model anal-

ysis is based on more data points than those listed in Ta-

bles A1 and A2 or shown in Figs. 7 and 14. Typically all

data points measured at ≥4 µg m−3 aerosol mass were suc-

cessfully fitted by the model. Therefore the parameterisation

given should be valid down to 4 µg m−3 of organic aerosol

mass.

4.1.5 Role of humidity and OH scavenger

From this work a significant impact of humidity on the SOA

yields from α-pinene ozonolysis, if present at all, can only

be taken into consideration for the lowest temperatures in-

vestigated. The SOA yields for experiments under very dry

conditions at 253 K are significantly lower than correspond-

ing humid experiments (Fig. 7). This observation can’t be

explained by water uptake of the SOA for the experiments at

higher relative humidities. The AMS shows water contents

of the SOA particles of 2–3 wt% for temperatures between

253 and 243 K under humid conditions and essentially zero

for the dry cases. For higher temperatures water contents of

the SOA particles are below 3–6 wt% (Tillmann et al., 2009).

The observed differences in SOA yields for low temperatures

are therefore not due to water uptake but more likely due to

the influence of water on the gas phase oxidation pathways.

This is supported by the observation of substantially reduced

yields for pinonaldehyde at dry conditions (Tillmann et al.,

2009). The insignificant influence of humidity at 243 K may

be explained by the small difference in absolute water vapour

concentrations between the dry and humid experiment. The

present result of an insignificant water effect at 303 K is in

contrast to the pronounced positive water effect observed us-

ing a flow reactor (Jonsson et al., 2006). The two systems

are, however, rather different where the flow reactor study

is done at low concentrations, using 2-butanol as OH scav-

enger and a much shorter residence time (270 s). In addition,

results from a smog chamber study done at room temperature

showed a positive effect of water at low reactant concentra-

tions while an insignificant water dependence was observed

at high reactant concentrations (Bonn et al., 2002). The ef-

fect of water observed at low temperatures is in line with ob-

servations in a flow reactor where a positive effect has been

observed (Jonsson et al., 2008b). Since the water effect is

larger at lower temperatures where the difference in absolute

water concentrations is smaller, a physical uptake by SOA

seems more likely than an impact of water vapour on chem-

ical kinetics. However, as has been pointed out above, AMS

measurements indicate that the physical uptake was minor

for all conditions. When it comes to water influencing the

chemical composition of SOA this was further supported by

volatility measurements of the aerosol as shown in a previ-

ous publication for the experiments at 253 K (Jonsson et al.,

2007) and by PTR-MS-measurements of the water depen-

dent partitioning of pinonaldehyde into the particulate phase

(Tillmann et al., 2009).

It was suggested that the use of different OH scavengers

can affect the ozonolysis mechanism and thereby the SOA

yield (Jenkin, 2004; Keywood et al., 2004; Docherty et

al., 2005). As can be seen from the data in Table A1 and

Fig. 9 the SOA yields in the presence of cyclohexane or 2-

butanol as radical scavengers are the same within their er-

ror limits, with slightly higher yields in the presence of 2-

butanol. For experiments without OH scavenger the effect
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Fig. 7. Dependence of SOA yields from α-pinene ozonolysis on temperature and on organic aerosol mass (Mo). Values calculated using the

average parameters of the two products (lines) and Eq. (1) are compared to literature data (stars: Cocker et al., 2001; triangles: Pathak et al.,

2007b; grey area: Shilling et al., 2008).

 

Fig. 8. Temperature dependence of SOA yields from α-pinene

ozonolysis for an organic aerosol mass concentration (Mo) fixed

to 10 µg m−3. Data from individual experiments (circles) are com-

pared to selected literature data and the parameterisation obtained

from fitting functions to the values determined for αi and Ki .

was pronounced and the SOA yield was higher by a factor

of about 2. The effects at 303 K thus resemble previous ob-

servations for α-pinene and other endocyclic terpenes (Key-

wood et al., 2004; Docherty et al., 2005; Iinuma et al., 2005;

Jonsson et al., 2008a). At 243 K the influence of the scav-

enger shows the same trend but the differences in SOA yield,

especially compared to the case without scavenger, seem to

be smaller at low temperatures (Jonsson et al., 2008b) al-

though Tillmann et al. (2009) provide clear evidence that OH

radicals are formed in the ozonolysis reaction of α-pinene

even at the lowest temperatures.

4.2 SOA from limonene ozonolysis

The formation of SOA from the ozonolysis of limonene

was investigated in the temperature range 253–313 K, for to-

tal organic aerosol mass concentrations ranging up to about

740 µg m−3, and for water mixing ratios ranging from a

few ppm to several 104 ppm. The typical behaviour of the

measured trace gas and particle concentrations as shown in

Figs. 10 and 11 is comparable to those observed for α-pinene.

The limonene concentrations rapidly decrease after addition
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Table 2. Mass stoichiometric yield parameters (αi), vapour pressures (pi ), partitioning coefficients (Ki ), and effective accommodation

coefficients (γi ) determined for two effective SOA forming products of the limonene ozonolysis.

Experiment T RH α1 α2 p1 p2 K1 K2 γ a
1 γ a

2
[K] [%] [bar] [bar] [m3 µg−1] [m3 µg−1]

SOA03-10 313.3 20 0.178 0.395 1.4E-10 7.0E-09 1.1 0.021 0.30 1.00

SOA06-4 303.0 43 (0.185) 0.173 7.0E-11 5.0E-09 2.0 0.028 0.20 1.00

SOA03-8 293.4 40 0.171 0.618 (1.0E-10) 3.5E-09 (1.4) 0.041 0.20 0.90

SOA05-4 293.2 42 0.171 0.556 3.0E-11 3.5E-09 4.7 0.041 0.20 0.70

SOA05-3 293.3 0.02 0.171 0.556 3.0E-11 3.5E-09 4.7 0.041 0.20 0.90

SOA06-5 273.2 70 0.12 0.791 7.0E-12 1.5E-09 19.1 0.089 0.20 0.30

SOA05-5 252.8 43 0.082 1.013 8.5E-13 7.0E-10 146.1 0.177 0.10 0.03

SOA05-6 252.8 0.3 0.082 0.729 8.5E-13 7.0E-10 145.7 0.177 0.10 0.04

a Values strongly influenced by changes in chemical reaction mechanism. Values in brackets could not be determined unambiguously.

 

Fig. 9. Influence of the OH scavenger on the SOA yields determined

for α-pinene in experiments SOA05-1 (cyclohexane), SOA05-12

(no scavenger), and SOA06-1 (2-butanol) at 303 K.

to the excess of ozone. The kinetics of the limonene + ozone

reaction was reproduced without significant discrepancies

extrapolating the temperature dependence of the rate coef-

ficients from the literature (Khamaganov and Hites, 2001).

In contrast to the experiments with α-pinene particle nucle-

ation occurred already for lower ozone to limonene ratios.

At 303 K significant new particle formation occurred only at

the first addition of limonene whereas at 253 K new parti-

cles were also formed in all subsequent steps. However, the

dominant mass fraction always condensed on those particles

which had formed in the first step. The limonene data were

analysed in the same way as described for α-pinene using

the COSIMA-SOA model. The wall loss correction for the

limonene experiments did not show significant differences

compared to the α-pinene experiments. The results on SOA

from limonene are described and summarised below with re-

spect to the density, physical parameters derived for the two

components and the corresponding aerosol yields.

4.2.1 Density of the organic aerosol from

limonene ozonolysis

The scatter in effective densities is larger in the case of SOA

from limonene than for SOA from α-pinene. No simple

relation was found between effective density and tempera-

ture. Taking into account the larger scatter in comparison

with the densities derived for SOA from α-pinene an average

density of (1.3±0.2) g cm−3 was chosen for the data eval-

uation in this paper. This is in agreement with a value of

(1.3±0.09) g cm−3 (Wirtz and Martin-Reviejo, 2003) which

was obtained by combining SMPS and TEOM data at 299 K

but lower than the value of (1.56±0.1) g cm−3 (Kostenidou

et al., 2007) obtained by combining AMS and SMPS data at

288 K. The effective density of limonene SOA exhibits a de-

pendence on elapsed time which is correlated with a change

in the fractional abundance of m/z=44 in the aerosol mass

spectral patterns. Typically m/z=44 is considered a marker

for the oxidized fraction of the organic aerosol OOA (Zhang

et al., 2005). Mass spectral properties of the SOA and its re-

lation to chemical and physical properties will be discussed

in more detail in a separate paper.

4.2.2 Parameters of two effective SOA forming products

Using the COSIMA-SOA model the parameters for two ef-

fective components were obtained by fitting the model to the

trace gas and particle concentrations as well as the size distri-

butions. Table 2 summarises the parameters determined for

the different experiments with limonene. The experimental
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Fig. 10a. Evolution of measured trace gas, particle number, and mass concentrations (symbols) and model results including wall losses

(lines) for experiment SOA03-10 at 313 K.

conditions and calculated yields are summarised in Table A2.

Not all experiments listed in Table A2 provided a database

sufficient for a detailed model analysis. In the model analysis

the same values as for the experiments with α-pinene were

used for molecular masses, surface tensions, and diffusion

coefficients of the two components. This appears reasonable

since MW1=186 g/mol and MW2=168 g/mol also corre-

spond to typical monomeric oxidation products of limonene

such as limonic acid or limononaldehyde (Glasius et al.,

2000; Leungsakul et al., 2005; Walser et al., 2008). Fur-

thermore, the molecular subgroups that could be considered

as intermolecular interaction sites within the framework of

a group contribution approach are similar for the ozonolysis

product species of both terpenes. Also for limonene the val-

ues of the effective accommodation coefficient for the more

volatile component are low at low temperature (∼253 K)

which again is emphasising the slower oxidation kinetics at

this temperature. Figure 12 shows the temperature depen-

dence of the vapour pressures (p1; p2) of the two effective

SOA forming products of the ozonolysis of limonene while

Fig. 13 shows the yields of the two effective SOA forming

products (α1; α2) and the partitioning coefficients (K1; K2).

In contrast to the α-pinene case the mass stoichiometric yield

coefficient of the non-volatile component in the two product
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Fig. 10b. Evolution of measured trace gas, particle number, and mass concentrations (symbols) and model results including wall losses

(lines) for experiment SOA06-5 at 273 K. Please note that this experiment started 33 min after injection of limonene by addition of ozone.

model has a positive temperature dependence. The coeffi-

cient of the volatile component increases from about 0.4 up

to 1 with the temperature decreasing from 313 to 253 K. For

limonene the dependencies are approximately linear in the

studied temperature range for both effective SOA compo-

nents. Note however, that α2 appears to be humidity de-

pendent at low temperatures. The parameterisations of the

mass stoichiometric yield coefficients (αi) derived from the

individual experiments are valid for the temperature range

253–313 K and for humid conditions:

α1 = −(0.395±0.203) + (0.0019±0.0007) ∗ T (12)

α2 = (3.53±1.32) − (0.010±0.004) ∗ T (13)

The uncertainties for α1 are estimated to ±60% for 273–

253 K and ±30% for temperatures above. The uncertainties

for α2 are estimated to ±30% for 313–253 K. The vapour

pressures for the two effective SOA forming products are

given in Table 2 and the resulting temperature dependence is

shown by the Clausius – Clapeyron plot in Fig. 12. The fol-

lowing parameterisations of the vapour pressures (pi) were

derived from the individual experiments for the temperature

range 253–313 K and for humid conditions:

ln p1[bar] = −(1.6±2.9) − (6613±831)/T (14)

ln p2[bar] = −(9.2±2.5) − (3013±715)/T (15)
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Fig. 11a. Evolution of the measured (colour code) and modelled

(lines) particle size distribution for experiment SOA03-10 with

limonene at 313 K.

 

 

Fig. 11b. Evolution of the measured (colour code) and mod-

elled (lines) particle size distribution for experiment SOA06-5 with

limonene at 273 K.

These equations provide vapour pressures in the temperature

range 253–313 K for the less and more volatile component

ranging from 8.5×10−13 to 1.4×10−10 bar and 7×10−10 to

7×10−9 bar, respectively. The following parameterisations

 

Fig. 12a. Temperature dependence of the vapour pressure of the

less volatile SOA forming product of the ozonolysis of limonene.

Fig. 12b. Temperature dependence of the vapour pressure of the

more volatile SOA forming product of the ozonolysis of limonene.

of the partitioning coefficients (Ki) were derived from the

individual experiments for the temperature range 253–313 K

and for humid conditions:

ln K1[m
3µg−1] = −(26.7±2.2)+lnT+(6580±732)/T (16)

ln K2[m
3µg−1] = −(20.0±2.2)+lnT+(3240±643)/T (17)

The uncertainties estimated for p1 and K1 are ±50% for

313–273 K and ±100% for temperatures below. The un-

certainties estimated for p2 and K2 are ±50% for 313–

253 K. Combining Eqs. (1, 12, 13, 16, 17) allows to calculate
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Fig. 13a. Temperature dependence of the mass stoichiometric yield

coefficients of the two effective SOA forming reaction products of

the ozonolysis of limonene.

Fig. 13b. Temperature dependence of the partitioning coefficients

of the two effective SOA forming reaction products of the ozonoly-

sis of limonene.

average SOA yields for the limonene ozonolysis under hu-

mid conditions in the given temperature range. In Table A2

yield values calculated this way are compared to values cal-

culated using Eq. (1) and the stoichiometric and partition-

ing coefficients obtained for the individual experiments (Ta-

ble 2). The value of (25±12) kJ mol−1 determined here for

the effective evaporation enthalpy of the volatile SOA com-

ponent in the two product model is comparable to the evap-

oration enthalpy for the corresponding α-pinene component

and also much lower than the evaporation enthalpies of refer-

ence compounds as discussed for α-pinene. In addition, the

evaporation enthalpy of the low volatility SOA component

in the two product model of (55±14) kJ mol−1 resembles the

 

Fig. 14. Dependence of SOA yields from limonene ozonolysis on

temperature and on organic aerosol mass (Mo). The values are cal-

culated using the average parameters of the two products (lines) and

Eq. (1).

evaporation enthalpy of (59±8) kJ mol−1 for the low volatil-

ity SOA component of α-pinene.

4.2.3 Aerosol yields as function of aerosol mass and tem-

perature

Using the functions fitted to the parameters of the two ef-

fective SOA forming products of the limonene ozonolysis

Eq. (1) can be used to calculate SOA yields for tempera-

tures in the range between 253 and 313 K and for organic

aerosol masses between 1 and 1000 µg m−3. We assume fur-

thermore that the SOA from limonene does not include sig-

nificant amounts of water in agreement with results of AMS

measurements showing that the water content of the SOA is

6 wt% or lower. Figures 14 and 15 show the average and

individual yields of SOA from limonene for selected temper-

atures as function of the organic aerosol mass concentration,

and as function of temperature for a fixed aerosol mass con-

centration of 10 µg m−3, respectively. The water dependence

of SOA production for ozonolysis of limonene resembles that

of α-pinene. Again a significant positive water effect was ob-

served for 253 K but no significant influence for 293 K. This

is in agreement with the results of Bonn et al. (2002) who

did not find any effect of added water on the SOA yield of

limonene at room temperature.

4.3 Comparison of parameters for SOA from α-pinene and

limonene ozonolysis

SOA yields are generally higher for limonene compared to

α-pinene near room temperature (cf. Fig. 15). Due to the

stronger temperature dependence of SOA yields from α-

pinene the yield values reach similar levels for both terpenes
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at about 250 K. It should be noted that limonene has two

double bonds that can react with ozone. Indeed, heteroge-

neous oxidation of an unsaturated product has been proposed

to be involved in SOA formation from limonene (Zhang et

al., 2006). The water dependences of the SOA yields from

ozonolysis of limonene and α-pinene are very similar show-

ing a significant positive water effect for the lowest tempera-

tures but no significant influence for room temperature.

5 Conclusions

This work provides a substantial amount of new data on the

temperature dependence of aerosol yields from the ozonol-

ysis of α-pinene (243–313 K) and limonene (252–313), as

well as other important physico-chemical properties of the

SOAs and their precursors. It confirms earlier studies demon-

strating that SOA yields Y, defined by Eq. (1) in Sect. 3, de-

pend on organic aerosol mass concentration and inversely on

temperature. The experimental range is, however, extended

to significantly lower temperatures where the SOA yields are

found to approach their theoretical upper bounds. It was also

demonstrated that the SOA yield from α-pinene, which pro-

duces less SOA near room temperature, has stronger temper-

ature dependence than limonene which produces significant

amounts of SOA already at room temperature and above.

The SOA yields increase by up to a factor of ∼5 to 10 for

α-pinene and by a factor of ∼2.5 for limonene from 313

to 243 K and 313 to 253 K, respectively. The experimen-

tal data were evaluated extensively using the COSIMA-SOA

model. By using a two condensable product approach for

either terpene, selected parameters were extracted for ev-

ery experiment, i.e. individual yield parameters (αi), vapour

pressures (pi), partitioning coefficients (Ki), and effective

accommodation coefficients (γi). This work thus provides

parameterised temperature dependencies of those values that

can easily be applied to calculate SOA formation by the

ozonolysis of these terpenes under tropospheric conditions.

We emphasize, however, that the empirical expressions are

only valid within the error limits of the experimental data

and should not be extrapolated beyond the given ranges of

experimental conditions. Please note that the Kelvin ef-

fect, although often negligible with respect to predicted SOA

yields and airborne mass concentrations, may strongly in-

fluence the evolutions of particle number concentration and

size distribution, the latter both being relevant when consid-

ering e.g. aerosol optical properties or particle-cloud inter-

actions. Furthermore, the densities of both SOA types were

determined by combining AMS and SMPS measurements.

For α-pinene the effective density scattered around a con-

stant value under all conditions and an average density of

(1.25±0.1) g cm−3 was obtained. For limonene the density

measurements showed considerably more scatter and a value

of (1.3±0.2) g cm−3 was used for the evaluation process.

The parameters derived in this work for the two condens-

able product proxies were compared to observations of se-

 

Fig. 15. Temperature dependence of SOA yields from ozonolysis

of α-pinene and limonene for an organic aerosol mass concentra-

tion (Mo) fixed to 10 µg m−3. Data from individual experiments

(symbols) are compared to selected literature data and the parame-

terisations obtained from fitting functions to the values determined

for αi and Ki . Densities of 1.25 and 1.3 g cm−3 were used for α-

pinene and limonene SOA, respectively.

lected pure compounds known to be produced in the ox-

idation of terpenes. It was demonstrated that the derived

vapour pressures pi are in line with typical vapour pressures

of individual low volatile oxidation products of terpenes even

though some values were considerably lower than any vapour

pressure measured so far for SOA components. However,

this is not unexpected since some organic compounds with

extremely low vapour pressures would be challenging to

identify in ambient SOA. Using volatility measurements of

the integrated SOA Jonsson et al. (2007) could demonstrate

that at least a few % of the SOA mass are non-volatile, i.e. did

not evaporate when exposed to 583 K in a VTDMA. Our re-

sults imply that humidity has a significant influence on SOA

yields for temperatures as low as 253 K but not near room

temperature. Pertinent mechanistic and kinetic considera-

tions and part of the gas phase analysis are presented else-

where (Tillmann et al., 2009). Regarding aerosol formation

kinetics, some relatively low effective accommodation coef-

ficients extracted in the present work imply the involvement

of rate limiting steps in the formation of the condensable

SOA precursors at low temperatures, also manifested as a

time delay in SOA formation in relation to terpene consump-

tion.

The data presented here render a solid basis for the pa-

rameterisation of SOA formation from the ozonolysis of α-

pinene and limonene in regional as well as global aerosol

predicting models. They may also serve as a starting point

for further investigations into SOA formation mechanisms

including both chemical and physical aspects.
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Appendix A

List of experimental conditions

Table A1. Experimental conditions of experiments with α-pinene and SOA yields calculated.

Exp.-No. Stepe T RHd Terpenec Mf
Org SOA Yieldg SOA Yieldh

[K] [%] [µg m−3] [µg m−3] individual average

SOA03-5 1 313.3±0.5 18–15 92±9 7.1 0.07 0.09

2 92±9 13.9 0.09 0.11

3 183±18 29.0 0.12 0.13

4 270±20 50.9 0.14 0.16

5 270±20 68.8 0.16 0.17

SOA03-4 1 303.3±0.5 40–37 92±9 9.9 0.11 0.14

2 92±9 20.1 0.14 0.17

3 183±18 41.9 0.17 0.20

4 270±20 73.8 0.20 0.23

5 270±20 111.3 0.22 0.25

SOA05-1 1 303.2±0.2 48–41 94±9 11.3 0.15 0.14

2 93±9 20.5 0.17 0.17

3 188±19 45.0 0.20 0.21

4 267±20 80.0 0.23 0.24

5 267±20 115.0 0.24 0.25

SOA05-2 1 303.3±0.2 0.02 93±9 10.5 0.14 –

2 93±9 22.8 0.18 –

3 186±19 43.8 0.22 –

4 268±20 83.8 0.26 –

5 268±20 118.8 0.27 –

SOA05-12a 1 303.2±0.2 44–43 93±9 28.8 0.32 –

2 95±9 55.0 0.38 –

3 188±19 103.8 0.42 –

SOA05-13 1 303.2±0.5 45–38 95±9 16.3 0.22 0.16

2 95±9 33.8 0.26 0.19

3 190±19 68.8 0.30 0.23

4 272±20 113.8 0.32 0.25

5 272±20 171.3 0.34 0.27

SOA06-1b 1 303±0.1 48–44 95±9 12.5 0.15 –

2 94±9 27.5 0.18 –

3 187±19 53.8 0.22 –

SOA06-2a 1 303.2±0.1 45–43 94±9 20.0 – –

SOA06-3 1 303.2±0.1 46–44 95±9 13.8 0.18 0.15

SOA03-0 1 297.3±0.2 36–33 90±9 8.8 – 0.16

2 184±18 31.3 – 0.23

3 268±20 77.5 – 0.28

4 268±20 118.8 – 0.30

SOA05-0 1 296.5±0.6 36–34 269±20 51.3 – 0.26

2 269±20 105.0 – 0.30

SOA03-3 1 293.3±0.5 36–34 91±9 12.5 0.18 0.20

2 92±9 26.3 0.23 0.24

3 183±18 60.0 0.29 0.30

4 269±20 115.0 0.32 0.34

5 269±20 187.5 0.34 0.36

SOA03-2 1 283.4±0.5 32–30 89±9 15.0 0.26 0.28

2 91±9 33.8 0.33 0.35

3 186±19 87.5 0.40 0.43

If not stated otherwise all experiments were done with about 500 ppm cyclohexane as OH scavenger and 100–300 ppb of ozone at total pressures between 990 and 1015 hPa. a No

OH scavenger added. b 2-Butanol used as OH scavenger. c Amounts added to the simulation chamber. d During the experiments the relative humidity was changed by adding dry air

to replace sample losses. e Steps of subsequent addition of terpene to the reaction system . f Maximum amount of organic aerosol mass present in that reaction step (ρ=1.25 g cm−3).

g Yields as calculated using Eq. (1) with the individual values determined for αi and Ki (c.f. Table 1). h Yields as calculated using Eqs. (1, 6, 7, 10, 11) with the parameterised

values for αi and Ki for humid conditions and with cyclohexane as scavenger.
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Table A1. Continued.

Exp.-No. Stepe T RHd Terpenec Mf
Org SOA Yieldg SOA Yieldh

[K] [%] [µg m−3] [µg m−3] individual average

4 269±20 171.3 0.44 0.47

5 269±20 280.0 0.46 0.48

SOA03-1 1 273.6±0.5 31–28 93±9 20.0 0.37 0.42

2 93±9 48.8 0.45 0.52

3 186±19 115.0 0.50 0.58

4 269±20 241.3 0.53 0.62

5 269±20 403.8 0.54 0.63

SOA06-6 1 273.0±0.1 74–71 89±9 22.5 0.53 0.44

2 95±9 56.3 0.65 0.54

3 269±20 195.0 0.75 0.62

4 269±20 338.8 0.77 0.64

SOA06-7 1 273.0±0.1 70–66 53±5 17.5 – 0.41

SOA06-8 1 273.0±0.2 70–68 52±5 21.3 – 0.43

SOA06-9 1 273.1±0.1 70-68 54±5 18.8 – 0.42

SOA06-10 1 273.2±0.1 71–64 54±5 20.0 – 0.42

SOA03-6 1 253.2±0.5 72–67 92±9 50.0 0.99 0.95

2 93±9 126.3 1.04 1.02

3 184±18 277.5 1.06 1.05

4 269±20 511.3 1.07 1.06

5 269±20 746.3 1.07 1.06

SOA05-7 1 252.9±0.2 0.16–0.18 46±5 21.3 0.77 –

2 94±9 81.3 0.92 –

3 187±19 221.3 0.96 –

4 269±20 428.8 0.97 1.07

5 269±20 636.3 0.98 1.07

SOA05-8 1 253.0±0.2 69–66 45±5 25.0 0.93 0.86

2 94±9 117.5 1.11 1.02

3 188±19 315.0 1.15 1.06

4 269±20 610.0 1.16 1.07

5 269±20 818.8 1.16 1.07

SOA05-9 1 243.1±0.2 72–70 47±5 38.8 1.12 1.24

2 94±9 126.3 1.21 1.34

3 179±18 348.8 1.24 1.37

4 269±20 616.3 1.25 1.37

SOA05-10 1 243.1±0.2 7.5–8.2 47±5 33.8 1.10 –

2 94±9 106.3 1.20 –

3 182±18 287.5 1.24 –

4 269±20 551.3 1.25 –

SOA06-12 1 243.9±0.8 78–64 32±3 17.5 – 1.08

SOA06-13a 1 243.5±0.2 70–69 32±3 23.8 – –

SOA06-14b 1 243.5±0.2 58 31±3 18.8 – –
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Table A2. Experimental conditions of experiments with limonene and SOA yields calculated.

Exp.-No. Stepe T RHd Terpenec Mf
Org SOA Yieldg SOA Yieldh

[K] [%] [µg m−3] [µg m−3] individual average

SOA03-10 1 313.3±0.5 20 92±9 28 0.32 0.34

2 90±9 51 0.38 0.40

3 180±18 84 0.43 0.45

4 262±20 172 0.49 0.51

5 262±20 210 0.50 0.52

SOA06-4 1 303.0±0.1 45–41 223±20 59 0.29 0.49

2 223±20 110 0.31 0.56

SOA03-8 1 293.4±0.5 40 88±9 56 0.60 0.57

2 90±9 98 0.66 0.63

3 179±18 166 0.71 0.68

4 262±20 290 0.74 0.71

5 262±20 477 0.76 0.73

SOA05-3 1 293.3±0.2 0.02–0.03 77±8 28 0.47 –

2 78±8 64 0.57 –

3 182±18 122 0.63 –

4 222±20 228 0.67 –

5 222±20 347 0.69 –

SOA05-4 1 293.2±0.2 44–39 78±8 48 0.54 0.55

2 78±8 83 0.60 0.62

3 155±16 155 0.65 0.67

4 223±20 283 0.68 0.71

5 223±20 380 0.69 0.72

SOA06-5 1 273.2±0.3 70 78±8 46 0.76 0.75

2 78±8 112 0.84 0.84

3 223±20 288 0.88 0.89

4 223±20 480 0.89 0.90

SOA03-7 1 273.3±0.5 34 90±9 47 – 0.75

2 88±9 117 – 0.84

3 181±18 246 – 0.88

4 262±20 444 – 0.90

5 262±20 739 – 0.91

SOA05-5 1 252.8±0.2 44-42 36±4 14 0.80 0.82

2 76±8 93 1.04 1.03

3 153±15 278 1.07 1.07

4 223±20 481 1.08 1.08

5 223±20 730 1.09 1.08

SOA05-6 1 252.8±0.2 0.29–0.32 38±4 20 0.65 –

2 77±8 60 0.75 –

3 154±15 168 0.79 –

4 223±20 342 0.80 –

5 223±20 504 0.80 –

If not stated otherwise all experiments were done with about 500 ppm cyclohexane as OH scavenger and 100–300 ppb of ozone at total pressures between 990 and 1015 hPa. a No

cyclohexane added. b 2-Butanol used as OH scavenger. c Amounts added to the simulation chamber. d During the experiments the relative humidity was changed by adding dry air

to replace sample losses. e Steps of subsequent addition of terpene to the reaction system. f Maximum amount of organic aerosol mass present in that reaction step (ρ=1.3 g cm−3).

g Yields as calculated using Eq. (1) with the individual values determined for αi and Ki (c.f. Table 2).h Yields as calculated using Eqs. (1, 12, 13, 16, 17) with the parameterised

values for αi and Ki for humid conditions and with cyclohexane as scavenger.
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