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Abstract

The temperature dependence of secondary organic aerosol (SOA) formation from
ozonolysis of β-pinene was studied in a flow reactor at 263–303 K and 1007 hPa. The
observed SOA yields were of similar magnitude as predicted by a two-product model
based on detailed gas phase chemistry (Jenkin, 2004), reaching maximum values of5

0.22–0.39 at high particle mass concentrations. However, the measurement data ex-
hibited significant deviations (up to 50%) from the predicted linear dependence on in-
verse temperature. When fitting the measurement data with a two-product model, we
found that both the partitioning coefficients (Kom,i ) and the stoichiometric yields (αi ) of
the low-volatile and semi-volatile species vary with temperature. The results indicate10

that not only the reaction product vapour pressures but also the relative contributions
of different gas-phase or multiphase reaction channels are dependent on temperature.
We suggest that the modelling of secondary organic aerosol formation in the atmo-
sphere needs to take into account the effects of temperature on the pathways and
kinetics of the involved chemical reactions as well as on the gas-particle partitioning of15

the reaction products.

1 Introduction

Atmospheric aerosol particles affect the atmosphere and climate by absorption and
scattering of radiation, by influencing the formation and properties of clouds and pre-
cipitation, and by heterogeneous and multiphase chemical reactions. Forests and other20

vegetation emit large amounts of biogenic volatile organic compounds (BVOCs) (500–
1800 Tg C yr−1). Besides isoprene monoterpenes are the most abundant BVOCs,
and with an emission rate of 10–50 Tg C yr−1 β-pinene is the second most important
monoterpene (Wiedinmyer et al., 2004). Biogenic secondary organic aerosol (SOA)
are formed from oxidation of BVOCs in the atmosphere by O3, OH and NO3 radicals,25

producing low volatility compounds which condense on newly formed or pre-existing
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particles. In current global atmospheric models the monoterpenes are usually as-
sumed to account for most if not all SOA formation (Kanakidou et al., 2005), and recent
laboratory studies demonstrated the ability of SOA from monoterpenes to affect cloud
properties and lifetime by acting as cloud condensation nuclei (Hartz et al., 2005; Van-
Reken et al., 2005). Recently the temperature dependence of SOA formation from5

ozonolysis has been modeled by Sheehan and Bowman (2001), and their parameteri-
zation has been incorporated into some advanced Global Atmospheric Models (Chung
and Seinfeld, 2002; Tsigaridis and Kanakidou, 2003). Still these models appear to un-
derestimate the organic aerosol particle mass in the free troposphere, which may be
due to shortcomings in the characterization and representation of temperature depen-10

dencies of SOA formation (Heald et al., 2005). To our knowledge only one experimen-
tal study has investigated the temperature dependence of SOA yield (Takekawa et al.,
2003). For α-pinene this study has reported 2.13 times higher yield at 283 K compared
to 303 K, but no other temperature levels or monoterpenes have been investigated.

To support the development of more reliable parameterizations of SOA formation in15

atmospheric models we have investigated the temperature dependence of secondary
organic aerosol yield from the ozonolysis of β-pinene.

2 Experimental section

2.1 Preparation of the reactants

Ozone was generated by UV irradiation with a mercury pen-ray lamp of a flow of20

synthetic air (79.5% N2 and 20.5% O2, Air Liquide or Westfalen) mixed with nitrogen
(99.999% N2, Air Liquide or Westfalen). The volume mixing ratio of ozone was con-
trolled by varying the ratio of synthetic air to nitrogen. The concentration of ozone was
monitored by UV absorption at 254 nm and calibrated with a commercial ozone monitor
(Model 202, 2B Technologies, Inc.) mounted at the outlet of the flow reactor to account25

for wall loss of ozone.
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β-pinene (99.5%) was obtained from Sigma-Aldrich Chemical Co and used as re-
ceived. It is a liquid with a vapour pressure of 313 Pa at 293 K. The gas mix of β-
pinene in nitrogen was prepared by evaporating pure β-pinene into an evacuated steel
vessel (V=14.67 l) and adding nitrogen to a pressure of about 6000 hPa; the β-pinene
concentrations were verified with long-path FTIR spectroscopy.5

2.2 Aerosol formation

Figure 1 displays a schematic drawing of the experimental set-up applied in this study
(described in detail by Bonn et al., 2002). The SOA formation experiments were per-
formed in a vertical flow tube reactor (120 cm length, 10 cm inner diameter, Pyrex glass
walls), operated with a laminar gas flow of 5 l min−1 and a center velocity of 2 cm s−1

10

(Bonn et al., 2002). All flows were controlled by MKS mass flow controllers. The tem-
perature was taken into account when converting the volume flow to the mass flow
of the flow controllers. The flow of synthetic air and ozone from the pen-ray lamp
(0.2 l min−1) was mixed with nitrogen to 2.0 l min−1 and introduced through the center
of the inlet mixing plunger. β-pinene from the pressurized steel vessel was mixed with15

synthetic air to a flow of 3 l min−1 and introduced at the top of the flow reactor. The
two flows were mixed under turbulent conditions in the movable inlet mixing plunger.
The reaction time (∆t) was controlled by adjusting the distance between plunger and
outlet. In the experiments reported here, the distance was kept at 80 cm, to assure
that the reactants reach the temperature of the flow reactor before being mixed and to20

have as long a reaction time as possible and avoid unnecessary high reactant concen-
trations for achieving well-measurable yields. To vary the amount of reacted β-pinene,
the initial volume mixing ratios of β-pinene and ozone were varied in over the range of
0.6–10.9 ppmv and 0.2–2.4 ppmv, respectively. The decrease of reactant concentration
was 0.4–3.9% (31–1273µg m−3) for β-pinene and 0.5–14.6% for ozone.25
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2.3 Aerosol analysis

Particle size distributions of the particles formed in the flow reactor were measured
with a scanning mobility particle sizer (SMPS) system (Model 3936, TSI Inc.) with
a long differential mobility analyzer (LDMA, Model 3081, TSI Inc.) and an ultrafine
condensation particle counter (UCPC, Model 3025A, TSI Inc.). The sampling flow rate5

was 0.3 l min−1, and the position of the sampling orifice with a radius of 1.1 cm was
radially centered about 3 cm above the bottom of the flow reactor. Compared to the
reaction time in the flow tube (40 s), the additional time in the neutralizer was negligible
(<1 s). The DMA sheath air flow rate (3 to 9.7 l min−1, see Table 1) was regulated with
a mass flow controller, and the temperature used for conversion of mass to volume10

flow rate was measured where the sheath air enters the DMA. To minimize ozonolysis
inside the DMA, an ozone scrubber consisting of a glass tube filled with silver wool
was installed in the sheath air loop, reducing the ozone concentration to the limit of
detection (2 ppbv). Due to the ten-fold or higher dilution of the sample flow with ozone-
free sheath air and short residence time (1.5 s), ozonolysis reactions in the DMA were15

negligible. The silver wool may also have scrubbed reaction products from the gas
phase, but we assume that equilibrium was re-established when the sheath air was
flowing through the filter collecting the SOA particles.

In each experiment the flow reactor and the SMPS system were kept at a com-
mon temperature (±2 K), using a Julabo F20 cryostat combined with a Julabo FT 40120

cooler for the flow reactor and the neutraliser and a MGW Lauda RM6 cryostat for the
DMA and the sheath air of the DMA, both of them circulating ethanol/water through
glass/steel jackets and a hose wrapped around the DMA as illustrated in Fig. 1. Note
that warm and humid conditions in the laboratory can lead to water condensation and
short circuiting of the cooled DMA, which can be avoided by using only low voltages.25

In every SOA formation experiment, the particle size distribution measurements were
repeated 4–24 times. Conditions and results of the individual experiments are summa-
rized in Table 1.
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3 Data analysis and modelling

3.1 Data analysis

SOA formation yields (Y ) were calculated by dividing the mass concentration of SOA
particles (Mo) by the decrease of β-pinene mass concentration (−∆[β-pinene]):

Y =
Mo

−∆ [β-pinene]
(1)

5

Mo was calculated from the average of the measured mobility equivalent aerosol parti-
cle size distributions, assuming spherical particles and a particle density of 1.2 g cm−3

(Bahreini et al., 2005). For the determination of −∆[β-pinene] we calculated the de-
crease of ozone concentration (−∆[O3]) assuming pseudo-first order reaction kinetics
based on a near-constant excess concentration of β-pinene ([β-pinene]0):10

− ∆
[
O3
]
=
[
O3
]

0 ×
(

1 − exp(kO3
[β-pinene]0 ∆t)

)
(2)

Temperature-dependent reaction rate coefficients (kO3) were calculated from the Ar-
rhenius equation:

kO3 = A exp
(−Ea

RT

)
(3)

where A=1.2×10−15±4.6×10−17 cm3 molecule−1 s−1, Ea/R=1300±75 K (Khamaganov15

and Hites, 2001; Atkinson and Arey, 2003). The ozonolysis of β-pinene produces OH
radicals with a stoichiometric yield (αOH ) of 0.35 at 296 K (Atkinson et al., 1992). No OH
scavenger was used in this study to approach atmospherically relevant conditions and
to avoid unwanted changes in the radical chemistry (Docherty and Ziemann, 2003).
Under the assumptions that αOH is independent of temperature and that all OH radicals20

react with β-pinene (kOH=7.89×10−11�kO3=1.5×10−17 at 298 K (Atkinson, 1994)), we
calculated −∆[β-pinene]=1.35 (−∆[O3]). SOA yield from OH reactions are negligible
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compared to yield from ozonolysis (Bonn and Moortgat, 2002), thus this secondary loss
of β-pinene reduces the yield. For the few experiments where [O3]0 was higher than
[β-pinene]0, −∆[β-pinene] was calculated from Eq. (2) interchanging β-pinene and
ozone. The standard deviation of Mo (sMo) was calculated from the measurements
of the particle size distribution. Possible errors in the density of the particles have5

not been taken into account. The number of measured size distributions (n) in each
experiment is given in Table 1.

The standard deviation of the yield (sY ) is calculated by propagating sMo and the
standard deviation of −∆[β-pinene] (s−∆β−pinene):

sY = Y ∗

√√√√√(sMo

Mo

)2

+

s−∆
[
β-pinene

]
−∆ [β-pinene]

2

(4)
10

s−∆β−pinene is itself propagated from the standard deviations of αOH , [O3]0, [β-
pinene]0, ∆t and kO3:

s−∆[β−pinene]= (−∆ [β-pinene]) ×

√√√√√(sαOH

αOH

)2

+

(
s[O3]0[
O3
]

0

)2

+
(skO3

kO3

)2

+
(
s∆t
∆t

)2

+

s[β-pinene
]

0

[β-pinene]0

2

(5)

3.2 Two-product model

The ozonolysis of β-pinene leads to a large variety of products (Winterhalter et al.,15

2000), by lumping them into low-volatile and semi-volatile species, a two-product model
can be used to simulate the SOA yield (Odum et al., 1996):

Y = Mo

( α1Kom,1

Rs,1 + Kom,1Mo
+

α2Kom,2

Rs,2 + Kom,2Mo

)
(6)

where Kom,i stands for the gas-particle partitioning coefficients, αi is the stoichiometric
yield, Rs,i is the mass fraction of particulate matter that remains suspended in the gas;20

10281

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/6/10275/2006/acpd-6-10275-2006-print.pdf
http://www.atmos-chem-phys-discuss.net/6/10275/2006/acpd-6-10275-2006-discussion.html
http://www.copernicus.org/EGU/EGU.html


ACPD
6, 10275–10297, 2006

Temperature
dependence of SOA

yield

C. Stenby et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

the counting variable i designates low volatile species (1) and semi-volatile species (2),
respectively. During residence in the flow reactor the centrally sampled aerosol does
not interact with the walls resulting in Rs,i=1. For any wall loss to occur the particles in
the sample flow would have to be displaced 3.9 cm from the sampling orifice (r=1.1 cm)
by Brownian diffusion. For the smallest particles in the size distribution (8 nm diameter)5

the probability for displacement larger than 0.27 cm is only 5% for the residence time
of the sample flow (40 s). In smog chamber experiments the residence time is in the
order of hours resulting in significant wall loss (Rs,i<1).

3.3 Fitting procedure

Non-linear robust fits of Eq. (6) to the experimental data pairs of Mo and Y were10

performed. The input parameters Kom,1,303K and Kom,2,303K were varied from
0.001 m3 µg−1 to 0.2 m3 µg−1 with steps of 0.001 m3 µg−1 with the premise that
Kom,1,303K>Kom,2,303K . For the other temperatures Kom,i,T was then calculated as
(Sheehan and Bowman, 2001):

Kom,i,T = Kom,i,303K
T

303K
exp
[
Bi

(
1
T
− 1

303K

)]
(7)

15

where

Bi =
∆vapHi

R
≈

∆vapS × Tb
R

(8)

B values for the products from the β-pinene ozonolysis were calculated with the values
for ∆vapS and Tb reported by Jenkin (2004) and lumped as described by Bian and
Bowman (2002) to yield B1=6056 K and B2=5032 K. Start values of α1 and α2 were20

determined by test calculations (Table 2), and for each temperature α1 and α2 were
optimized with a Nelder-Mead algorithm to minimize the residual parameter ST :

ST =
∑
i

∣∣Ydata,T − Ymodel,T

∣∣
i

sdata,T,i
(9)
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Best fit values of Kom,1,303K and Kom,2,303K were taken at the minimum of the sum of
residual parameters ΣST .

4 Results and discussion

SOA formation experiments have been performed at six different temperatures in the
range of 263–303 K as described in Sect. 2. The SOA yields have been determined5

from the measured size distributions and calculated amounts of reacted β-pinene as
described in Sect. 3.1, and the conditions and results of the individual experiments are
listed in Table 1. Figure 2 displays exemplary particle size distributions and particle
volume distributions of experiments performed with about 1.25 ppmv ozone and 1.28–
1.37 ppmv β-pinene, except for the measurement at 293 K performed with 1.61 ppmv10

β-pinene. The particle number concentration generally decreased with decreasing
temperature, and the modal diameter increased.

The results of all experiments are summarized in Fig. 3, plotting the SOA yield
against Mo. At all temperatures, the yield exhibits a near-linear increase with Mo for
Mo<10µg m−3 and reaches a near-constant maximum level at Mo>100µg m−3. This15

behaviour can be described with the two-product model outlined in Sect. 3.2, which
has been fitted to the data as described in Sect. 3.3.

The error bars depict the standard deviations for Mo and SOA yield, calculated as
described in Sect. 3.1. They illustrate that the relative standard deviations of repeated
measurements within one experiment were mostly 10% or less. The standard devia-20

tions between the SOA yield mean values obtained in different experiments repeated
under near-identical conditions (similar T and ∆[β-pinene]) were generally less than
0.05, corresponding to relative standard deviations up to 15%. The standard deviation
of the ozonolysis reaction rate coefficient kO3 (skO3) is not included in the error bars of
Fig. 3. It varies only little over the investigated temperature range and does not affect25

the statistical uncertainty of our experimental data. It should, however, be taken into
account when comparing the results to other studies and extrapolating to the atmo-
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sphere. When skO3 is included in Eq. (5), sY is a factor of 2.0 to 2.7 higher than the
error bars displayed in Fig. 3. This clearly demonstrates that a reduction of the uncer-
tainty of kO3 will be of central importance for reducing uncertainties of SOA formation
in atmospheric models.

Unexpectedly, the measured SOA yields do not exhibit a monotonous increase with5

decreasing temperature. Even if the statistical uncertainty of the measurement results
is taken into account, the yields observed at 263 K were generally lower than those
at 273 K and 278 K (most evident at Mo>30µg/m3; Fig. 3) and the ones observed at
283 K were lower than those at 263 K and 293 K (Fig. 3). This complex, non-linear
behaviour will be discussed below.10

With the αi starting values summarized in Table 2 and Bi values fixed to B1=6056 K
and B2=5032 K we have obtained the best-fit with Kom,1,303K=0.039 m3µg−1 and
Kom,2,303K=0.001 m3µg−1. All other Kom values are calculated from Eq. (7) and listed
in Table 3 together with the other best-fit parameters.

Up to now, only very few studies on the aerosol yield of β-pinene ozonolysis have15

been published, and to our knowledge only two of them report the parameters for a
one or two product model (Table 3). As illustrated in Fig. 3, the maximum yield from the
study by Hoffmann et al. (1997) at 292 K (open diamonds) agrees well with the max-
imum yield from our study at 293 K (filled diamonds). Note, however, that Hoffmann
et al. (1997) used a particle density of 1 g cm−3 whereas we use 1.2 g cm−3, meaning20

that we observed 20% less particle volume. A possible explanation is that the SOA
particles in our flow tube experiments were freshly formed (40 s), whereas the study by
Hoffmann et al. (1997) was done in a static chamber where the particles are subject
to aging (typically 4 h). Another explanation could be that Hoffmann et al. (1997) mea-
sured −∆[β-pinene], whereas it has been calculated in this study, being a subject to25

the large uncertainty of kO3. The chamber study by Griffin et al. (1999) at 303–308 K
comprises only four data points with Mo<30µg m−3 and Y <6% (Fig. 3, open triangles).
A possible explanation for their much lower yields is that an OH scavenger (2-butanol)
was used, which later has been shown to reduce yield from β-pinene ozonolysis sub-
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stantially (Docherty and Ziemann, 2003). Nevertheless, the two-product model fit of
Griffin et al. (1999) would have predicted a much higher maximum yield than observed
in our measurements (Fig. 3).

Figure 4 illustrates the temperature dependence of SOA yields at Mo=10µg m−3 (a)
and Mo=250µg m−3 (b) as observed and modelled in our study and other investiga-5

tions. At large, the results of our and other experiments are consistent with an overall
trend of increasing SOA yield with decreasing temperature, as suggested by the model
calculations of Jenkin (2004).

At the atmospherically relevant particle mass concentration level of 10µg m−3 and in
the temperature range of 308–292 K our measurement results agree to within 18%10

with the model results of Jenkin (2004) and the measurement of Yu et al. (1999)
(306 K), whereas the results of Griffin et al. (1999) is 57% lower and that of Hoffmann
et al. (1997) is 43% higher. At 283–273 K our measurements deviate by up to 49%
from the model of Jenkin (2004) (lower at 283 K, higher at 273 and 278 K), but at 263 K
they agree again to within 7%.15

At Mo=250µg m−3 (near-constant maximum level of SOA yield) the two product
model extrapolations based on the measurements of Griffin et al. (1999) agree to within
12 % with the model of Jenkin (2004). The yields reported by Jaoui and Kamens (2003)
from experiments in the presence of water vapor (RH=40–55%) agreed to within 4%
at 290–285 K with the model of Jenkin (2004), but they were 40% lower at 304–297 K.20

At 303, 283, and 263 K our measurement results agree to within 14% with the model
of Jenkin (2004). At 293, 278, and 273 K, however, our measurement results as well
as that of Hoffmann et al. (1997) are 29–51% higher.

As pointed out above (discussion of Fig. 3), the deviations of the SOA yields ob-
served in our experiments from the expected monotonous temperature dependence25

(linear increase with with inverse T , Fig. 4), exceed the statistical uncertainty of our
measurements. Possible explanations will be explored and discussed below. If, how-
ever, a linear fit is applied to our data plotted against inverse T (dashed red line
in Fig. 4), the slopes are of similar magnitude as predicted by Jenkin (2004). At
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Mo=10µg m−3 the fit to the measurement data is ∼50% steeper than the model predic-
tion by Jenkin (2004) (277 K vs. 186 K); at Mo=250µg m−3 it is ∼40% less steep (108 K
vs. 179 K). Moreover, the steeper slope at lower particle mass concentration (277 K vs.
108 K) is consistent with the model prediction that for lower temperatures the maximum
yield should be reached at lower Mo.5

In the model of Jenkin (2004) as well as in other models recently developed to pre-
dict SOA yields (Cocker et al., 2001; Kamens and Jaoui, 2001; Bian and Bowman,
2002), a wide variety gas-phase reaction products are lumped on the basis of their
vapour pressures, and representative αi , Kom,i and Bi values are calculated for each
lumped species. Kom,i values calculated on the basis of atmospheric gas phase chem-10

istry mechanisms are generally much lower than the Kom,i values obtained by fitting to
SOA measurements, which have been attributed to association reactions of organics
in the aerosol phase (Tobias and Ziemann, 2000; Kamens and Jaoui, 2001). Accord-
ingly, Jenkin (2004) applied a scaling factor of 120 to the Kom,i values calculated for
SOA formation from β-pinene ozonolysis. As illustrated in Fig. 4, this and other models15

usually exhibit a linear dependence of SOA yield on inverse temperature. The linear
dependence is a consequence of assigning a Clausius-Clapeyron-type temperature
dependence to the gas-particle partitioning coefficients Kom,i and assuming no tem-
perature dependence of the stoichiometric yields αi .

To reproduce the SOA yields measured in our study, however, it is necessary to allow20

a temperature dependence of αi (Table 3), which implies that the product yields, i.e. the
amounts of low-volatile and semi-volatile species produced, change with temperature.
The formation of condensable species from volatile precursor gases involve numerous
reaction steps and intermediates (Jenkin, 2004), and a combination of exothermal and
endothermal processes may well lead to complex temperature dependencies as ob-25

served in our experiments. As pointed out above, SOA formation is likely to involve not
only gas phase but also condensed phase reactions such as the formation of second-
generation oxidation products or oligomers. Contrary to gas-particle partitioning, which
is expected to decrease the SOA yield with increasing temperature (decrease of Kom,i
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with increasing T ), the chemical reactions leading to second-generation products with
lower volatility are likely to be accelerated at higher temperatures.

This work demonstrates the need for further investigations and mechanistic elucida-
tion of the complex physico-chemical processes involved in atmospheric particle for-
mation and gas-particle interactions (multiphase chemical reactions, mass transport,5

and phase transitions (Pöschl et al., 2005; Fuzzi et al., 2006).

5 Conclusions

Organic carbon aerosol concentrations measured in the free troposphere are between
10 and 100 times higher than the concentrations modelled by a state of the art global
chemical transport model (Heald et al., 2005). Our study with β-pinene as a model10

compound shows that insufficient description of the temperature dependence of SOA
formation may explain some of these discrepancies. The results of fitting with a two-
product model indicate that not only the reaction product vapour pressures but also the
relative contributions of different gas-phase or multiphase reaction channels are depen-
dent on temperature. The results demonstrate that further investigations are needed15

for mechanistic elucidation and reliable description of the complex physico-chemical
processes involved in SOA formation. The influence of temperature should be consid-
ered not only for gas-particle partitioning of VOC oxidation products but also for the
pathways and kinetics of gas phase and multiphase chemical reactions of VOC, semi-
volatile, and low-volatile organic species. In atmospheric models both the temperature20

of oxidative processing and the local temperature of gas-particle partitioning should
be taken into account for the modelling of SOA. Differences between these tempera-
tures and their effects could be particularly important in the tropics, where high BVOC
emissions and high oxidizing capacities can lead to large amounts of low-volatile and
semi-volatile organics, which by deep convection can be rapidly transported to high25

altitudes where low temperatures favour condensation.
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Table 1. Conditions and results of individual experiments: −∆β-pinene = decrease of β-
pinene mass concentration, N = total particle number concentration, Mo=total particle mass
concentration, sMo = standard deviation of Mo, Y =SOA yield, sy = standard deviation of Y , n
= number of measured particle size distribution in each experiment, Sheath = sheath air flow,
∆t=40 s.

T [β-pinene] [ozone] −∆β-pinene N Mo sMo Y sY n Sheath
K ppbv ppbv µg m−3 # cm−3 µg m−3 µg m−3 l min−1

bp240106 6 263 601 1031 49.5 5.5E+05 9.3 0.48 0.19 0.02 5 3.0
bp240106 5 263 601 1362 65.2 7.5E+05 12.6 0.74 0.19 0.02 11 3.0
bp240106 4 263 754 1937 116.2 1.3E+06 27.2 1.59 0.23 0.02 12 3.0
bp100106 3 263 2893 623 142.6 1.9E+06 30.9 2.17 0.22 0.02 11 9.7
bp240106 3 263 3024 1934 462.6 3.3E+06 123.9 5.80 0.27 0.02 5 3.0
bp240106 1 263 3031 1964 470.8 3.1E+06 120.8 6.44 0.26 0.02 23 3.0
bp100106 2 263 5705 1126 501.7 3.4E+06 121.0 8.27 0.24 0.02 15 9.7
bp240106 2 263 5977 1991 928.5 4.4E+06 245.6 7.35 0.26 0.02 9 3.0
bp170106 3 273 754 669 44.9 3.4E+05 10.1 0.56 0.23 0.02 13 9.7
bp170106 4 273 754 1190 79.6 9.7E+05 23.8 1.74 0.30 0.03 13 6.0
bp040106 2 273 5991 376 194.6 2.5E+06 60.6 3.11 0.31 0.02 9 9.7
bp170106 5 273 3151 1182 326.7 3.9E+06 120.7 8.48 0.37 0.03 12 6.0
bp170106 2 273 6204 1188 635.8 4.2E+06 241.3 7.81 0.38 0.03 11 9.7
bp220506 5 278 599 545 30.5 4.2E+05 6.0 0.51 0.20 0.02 7 9.7
bp220506 2 278 783 721 52.7 7.5E+05 10.6 1.13 0.20 0.02 22 9.7
bp220506 1 278 1375 1249 159.6 2.3E+06 44.1 4.75 0.28 0.03 24 9.7
bp220506 4 278 2003 1815 336.9 4.1E+06 114.6 11.90 0.34 0.04 15 9.7
bp220506 3 278 2782 2380 611.0 5.1E+06 238.9 18.49 0.39 0.04 20 9.7
bp270106 1 283 1565 437 66.6 4.5E+05 2.0 0.04 0.03 0.00 10 3.0
bp150306 1 283 1500 651 95.1 1.2E+06 7.2 0.06 0.08 0.00 12 9.7
bp150306 2a 283 1506 797 116.8 1.9E+06 11.5 0.07 0.10 0.01 11 9.7
bp160306 1a 283 1363 1266 168.2 2.7E+06 25.2 0.29 0.15 0.01 17 9.7
bp270106 2 283 1565 1262 192.3 2.4E+06 21.7 0.38 0.11 0.01 16 3.0
bp230106 6 283 1630 2086 329.9 3.6E+06 52.7 0.70 0.16 0.01 12 3.0
bp230106 5 283 3253 2073 649.3 5.2E+06 124.4 0.80 0.19 0.01 10 3.0
bp230106 1 283 6431 1233 748.8 4.8E+06 124.6 1.38 0.17 0.01 13 9.7
bp230106 3 283 6430 1254 761.5 5.5E+06 143.7 1.56 0.19 0.01 8 3.0
bp230106 2 283 6432 1288 782.3 5.1E+06 147.8 2.01 0.19 0.01 11 9.7
bp230106 4 283 6430 2097 1273.1 6.6E+06 280.1 1.76 0.22 0.01 9 3.0
bp140106 3 293 774 1280 105.3 2.2E+06 15.9 0.54 0.15 0.01 4 9.7
bp191205 4 293 5444 199 111.9 2.4E+06 20.5 0.26 0.18 0.01 10 5.0
bp130106 1 293 1611 658 112.4 2.6E+06 23.6 0.17 0.21 0.01 11 9.7
bp140106 1 293 1611 1255 214.4 3.7E+06 56.9 0.79 0.27 0.02 10 9.7
bp191205 1 293 5443 415 233.1 3.5E+06 53.8 0.78 0.23 0.01 10 5.0
bp191205 2 293 5453 793 446.1 4.7E+06 131.3 1.65 0.29 0.02 10 5.0
bp140106 2 293 6364 1269 828.4 5.8E+06 283.6 3.23 0.34 0.02 4 9.7
bp191205 3 293 10863 790 853.2 5.7E+06 274.9 3.45 0.32 0.02 8 5.0
bp210306 2 303 851 1309 128.0 1.1E+06 7.4 0.16 0.06 0.00 17 9.7
bp201205 2 303 6682 215 158.0 1.6E+06 15.9 0.50 0.10 0.01 8 9.7
bp210306 1 303 1361 1261 197.1 2.7E+06 37.0 0.82 0.19 0.01 16 9.7
bp201205 3 303 6671 431 316.8 3.4E+06 64.0 0.82 0.20 0.01 22 9.7
bp201205 1 303 6677 846 622.2 4.3E+06 135.3 2.54 0.22 0.01 8 9.7
bp201205 4 303 10014 842 905.9 5.0E+06 205.2 4.21 0.23 0.01 10 9.7
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Table 2. Start values for the two product model fit: α1 and α2 are the stoichiometric yields of
the low volatile and semi volatile species.

T (K) α1 α2

263 0.10 0.17
273 0.09 0.29
278 0.10 0.30
283 0.03 0.18
293 0.01 0.33
303 0.08 0.16
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Table 3. Best-fit values of the two product model fits from our study and the fit parameters
from two other studies. For our study B1=6056 K and B2=5032 K (Fig. 3). Kom,i = partitioning
coefficient, αi = stoichiometric yield, ST = optimised residual parameter (Sect. 3.3), n = number
of data points (experiments).

T (K) Kom,1(m3µg−1) Kom,2(m3µg−1) α1 α2 ST n

263 0.708 0.011 0.208 0.079 2.75 8
273 0.316 0.006 0.285 0.172 1.73 5
278 0.216 0.004 0.274 0.247 2.12 5
283 0.150 0.003 0.139 0.184 9.33 11
293 0.075 0.002 0.295 0.145 3.23 8
303 0.039 0.001 0.259 0 4.71 6

292a 0.11 – 0.35 –
305b 0.195 0.003 0.026 0.485

a Hoffmann et al. (1997)
b Griffin et al. (1999)
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Fig. 1. Schematic drawing of the experimental set-up.
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Fig. 2. (a) Particle size distributions and (b) particle volume distributions from experiments with
[β-pinene]0=1.21–1.36 ppmv and [O3]0≈1.25 ppmv at different temperatures (263–303 K).
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Fig. 3. Secondary organic aerosol yield (Y ) plotted against particle mass concentration (Mo)
from experiments performed at different temperatures (263–303 K): (a) all data from this study
(Table 1), and earlier studies; (b) blow-up of low Mo range from panel (a). Symbols and error
bars represent the arithmetic mean and standard deviations of 4–24 replicate measurements
performed in each experiment. Lines are fitted with the two product model.
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Fig. 4. Aerosol yield (Y ) plotted against inverse temperature (1000/T ): (a) Mo=10µg m−3;
(b): Mo=250µg m−3. The symbols represent measurement or two-product model results of
different studies. The error bars of the yield represent the standard deviations of 4–24 replicate
measurements from our experiments with Mo close to 10µg m−3 or 250µg m−3, respectively.
The error bars of the temperature represent the confidence interval of the thermo sensors
applied in our study and the range of temperatures reported in other studies. Lines are linear
fits.
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