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Abstract

The yield of particle mass in secondary organic aerosol (SOA) formed by dark ozonoly-

sis was measured for 0.3–22.8 ppbv of reacted α-pinene. Most experiments were con-

ducted using a continuous-flow chamber, allowing nearly constant SOA concentration

and chemical composition for several days. For comparison, some experiments were5

also conducted in batch mode. Reaction conditions were 25
◦
C, 40% RH, dry (NH)4SO4

seed particles, and excess 1-butanol. The organic particle loading was independently

measured by an aerosol mass spectrometer and a scanning mobility particle sizer, and

the two measurements agreed well. The observations showed that SOA formation oc-

curred for even the lowest reacted α-pinene concentration of 0.3 ppbv. The particle10

mass yield was 0.09 at 0.15µg m
−3

, increasing to 0.27 at 40µg m
−3

. Compared to

results reported in the literature, the yields were 80 to 100% larger for loadings above

2µg m
−3

. At lower loadings, the yields had an offset of approximately +0.07 from those

reported in the literature. To as low as 0.15µg m
−3

, the yield curve had no inflection

point toward null yield, implying the formation of one or several products having vapor15

pressures below this value. These observations of increased yields, especially for low

loadings, are potentially important for accurate prediction by chemical transport models

of organic particle concentrations in the ambient atmosphere.

1 Introduction

The particle component of secondary organic aerosol, which forms from the oxidation20

of volatile organic compounds (VOC), significantly contributes to the organic particle

mass loading in the troposphere (Andreae and Crutzen, 1997; Griffin et al., 1999a;

Kanakidou et al., 2005; Tsigaridis and Kanakidou, 2007). Organic particles have di-

verse atmospheric influences, including effects on visibility, direct radiative forcing, and

cloud formation (Chung and Seinfeld, 2002; Seinfeld and Pankow, 2003). Elevated par-25

ticle concentrations also have deleterious effects on human health, such as increased
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risk of cardiovascular disease and lung cancer (Dockery et al., 1993; Pope et al., 1995;

Miller et al., 2007). Therefore, understanding SOA formation and its contribution to the

particle loading of the atmosphere is important.

According to several recent analyses, ambient organic particle mass loadings are 8

to 100 times greater than predicted using chemical transport models (de Gouw et al.,5

2005; Heald et al., 2005; Volkamer et al., 2006). The models include SOA production

as an important source of organic particle mass (Chung and Seinfeld, 2002). These

models, informed by laboratory data, are based on equilibrium gas-particle partitioning

of the semivolatile products of VOC oxidation (Pankow, 1994a,b; Odum et al., 1996).

Several factors may contribute to the difference between predictions and observa-10

tions. For instance, the relative contribution of primary emissions to the organic parti-

cle mass loading, compared to in situ photochemical production of SOA, is uncertain,

especially in urban areas, with estimates ranging from 80% by Pandis et al. (1992) to

35% by Zhang et al. (2005) and Volkamer et al. (2006). There is also uncertainty as

to whether nonreactive equilibrium partitioning of semivolatile products of gas-phase15

chemistry is a complete mechanism for describing SOA production, both in the lab-

oratory and in the atmosphere. For example, reactions in the particle phase, such

as aldol condensation, acid dehydration, and gem-diol reactions can yield products of

low volatility, potentially increasing particle mass (Jang et al., 2003; Gao et al., 2004a;

Kalberer et al., 2004; Tolocka et al., 2004; Liggio et al., 2005; Gross et al., 2006). In20

another mechanism, normally volatile species, such as low molecular weight aldehy-

des, can be taken up by cloud droplets, and aqueous-phase reactions may produce

low-volatility molecules that contribute to fine-mode particle mass if the droplet later

evaporates (Blando and Turpin, 2000; Chen et al., 2007). Robinson et al. (2007)

recently identified the gas-phase oxidation of semivolatile molecules associated with25

primary diesel emissions as another pathway for SOA production.

Aside from potential SOA sources omitted from the models, another possibility is that

the models may underpredict SOA levels because of incomplete laboratory data sets.

SOA mass loadings investigated in the laboratory have often been significantly greater
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than typical ambient loadings of 10µg m
−3

or less (Zhang et al., 2007). Extrapolations

have therefore been required for the use of laboratory results in regional and global

models of SOA production. For example, in the modeling work of Chung and Seinfeld

(2002), which is widely used in chemical transport models, the parameterization of

Griffin et al. (1999b) was used to describe particle yield from the dark ozonolysis of5

α-pinene. However, the laboratory data used to develop the parameterization were

available only as low as 7.4µg m
−3

(Hoffmann et al., 1997; Griffin et al., 1999b).

In recognition of the need to study SOA production at loadings below 10µg m
−3

and

to investigate reaction kinetics, Presto and Donahue (2006) and Ng et al. (2006) de-

veloped a novel method for determining particle yield during experiments in real time.10

Prior to their work, in a typical experiment, the organic precursor VOC and the oxidant

were mixed, and the SOA particle volume was measured after the reaction had come

close to completion (Hoffmann et al., 1997; Klotz et al., 1998; Griffin et al., 1999b;

Koch et al., 2000; Cocker et al., 2001; Jang et al., 2002; Gao et al., 2004b; Kalberer

et al., 2004; Iinuma et al., 2005; Paulsen et al., 2005; Kroll et al., 2006). Measure-15

ments were made after the complete reaction because of the absence of techniques

to detect accurately rapid changes in the VOC concentration and in SOA particle vol-

ume. Presto and Donahue (2006) and Ng et al. (2006) used a proton-transfer-reaction

mass spectrometer (PTR-MS) during the initial minutes of VOC oxidation to measure

VOC concentrations while they were rapidly changing. The particle volume loading was20

monitored using a scanning mobility particle sizer (SMPS). During this time period of

initial VOC oxidation, the gas-phase concentration and the particle loading were rapidly

changing. Therefore, in a single experiment, particle yields were determined from the

progressive measurements of the changes in VOC concentration and in particle vol-

ume loading. The measurements were made while particle loadings were small at the25

outset of SOA production, allowing yield determinations for loadings at atmospherically

relevant concentrations. Some experimental uncertainty, however, was introduced into

the yield measurements at the lowest concentrations of reacted VOC and hence the

lowest particle loadings because the SMPS had a characteristic data collection time of
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3 to 5 min and very large fractional changes in the VOC concentration occurred during

this time period. The PTR-MS collected data every 20 s.

The yields obtained by this short-time approach (i.e., transient reaction) were sim-

ilar to those of the traditional long-time approach (i.e., complete reaction) at loadings

for which the data sets overlapped, provided that seed particles and ozone levels5

above 750 ppbv were employed (Pathak et al., 2007a). Otherwise, significant loss

of semivolatile organic molecules to the chamber walls was believed to occur, lead-

ing to erroneously low yield measurements in those cases. For low loadings (i.e.,

<7.4µg m
−3

), Pathak et al. (2007a, b) observed larger yields than predicted by the ex-

trapolation of the parameterizations of Griffin et al. (1999b) and Cocker et al. (2001) for10

data collected at high loadings (i.e., >7.4µg m
−3

). Possible explanations included nu-

merical uncertainties in the parameterizations or different physical and chemical mech-

anisms of SOA production dominant at low mass loading. The results emphasized the

importance of conducting experiments at loadings similar to those of the atmosphere

so as to capture the behavior of nonlinear processes of SOA production.15

An alternative experimental configuration to the short-time and long-time batch-

mode experiments described above is a continuous-flow chamber in which reactants

are continuously injected and products are continuously withdrawn from the chamber

(Kleindienst et al., 1999; Seinfeld et al., 2003; VanReken et al., 2006; King et al.,

2007). Continuous-flow operation provides stable conditions over time periods of days20

to weeks. Semivolatile molecules in the gas phase may come to equilibrium with the

organic mass on the walls and in the particles, thereby minimizing the irreversible loss

of gas molecules to the walls, which has been identified as a problem in batch-mode

experiments (Kroll et al., 2007). The stable conditions of the continuous-flow approach

also allow signal integration (typically 4 to 12 h) so that the application of demanding25

techniques, such as the collection of on-line high-resolution mass spectra, is possible.

Signal integration improves measurement accuracy and precision, which are especially

important for studies at low loadings. Stable conditions act in favor of the use of instru-

ments having relatively slow sampling rates (e.g., an SMPS), potentially resulting in
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data having lower measurement uncertainties and more accurate yield determinations

as a result.

Herein, we present particle mass yields in SOA produced by the dark ozonolysis

of α-pinene (0.3–22.8 ppbv) for organic mass loadings of 0.15 to 33µg m
−3

. Both

continuous-flow and batch-mode data are presented. We focus our interpretation on5

data collected at low organic mass loading, specifically 0.3 to 6.6 ppbv of reacted α-

pinene and particle mass loadings of 0.15 to 7µg m
−3

.

2 Chamber description and operation

The Harvard Environmental Chamber (HEC) consists of a 4.7 m
3

PFA teflon bag

housed in a temperature-controlled room. The chamber is coupled to a gas-handling10

system. Inlet flows of water vapor, ozone, and α-pinene in purified air are regulated

with MKS mass flow controllers. Dry, clean, hydrocarbon-free air is produced with a

pure air generator (Aadco 737). Humidity is controlled by passing clean air at a variable

flow rate through a water bubbler (18 MΩ cm). A HEPA filter, placed downstream of the

bubbler, removes any contaminant particles. Ozone is produced by passing air around15

an ultraviolet lamp (Jelight 600). A syringe pump (New Era Pump Systems, NE-1000)

is used to feed a liquid solution (1:600 v:v, 1:1040 mole:mole) of α-pinene (Aldrich,

98%) in 1-butanol (J. T. Baker, 99.9%) into a gently warmed glass bulb. The pumping

rates are slow enough that most of the organic vapor is released into the glass bulb

through evaporation of a sessile drop on the tip of needle. A flow of air sweeps the20

vapor into the chamber. 1-butanol scavenges OH radicals generated as products of

α-pinene ozonolysis. No NOx is added to the chamber, and the measured levels are

below the instrument detection limit of 1 ppbv.

In addition to the gas flows, quasi-monodisperse seed particles are injected into

the chamber. The particles are produced from (NH4)2SO4 solutions (0.12 g L
−1

) by25

an atomizer (TSI 3076). The aerosol is diffusion dried to less than 10% relative hu-

midity, thereby inducing crystallization of the particles. Particles are size-selected at a
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midpoint mobility diameter using a DMA (TSI, 3070), which is operated at a sheath-to-

monodisperse flow ratio of 10:3. The size distribution of the seed particles is centered

at 50 nm, with a geometric standard deviation of 1.19–1.25, a number concentration of

5000–8000 cm
−3

, and a surface-area loading of 6.2–11×10
7

nm
2

cm
−3

(equivalent to

2.9–5.2×10
−4

m
2

in the chamber volume).5

There are several diagnostics of the gas and particle composition in the chamber

outflow. Ozone, NO, and NOx concentrations are monitored by Teledyne 400E and

Teledyne 200E instruments, respectively. Relative humidity and temperature are mea-

sured with a Rotronics sensor (Hygroclip SC05). The mass loading and the vacuum-

aerodynamic-diameter size distribution of the particles are measured using an Aero-10

dyne high-resolution time of flight mass spectrometer (HR-ToF-AMS) (Jayne et al.,

2000; DeCarlo et al., 2006). The electric-mobility-diameter size distribution is mea-

sured using a TSI SMPS (3081 DMA, 3772 CPC) operated with re-circulating sheath-

air flow. Recirculation ensures that after sufficient time organic molecules in the sheath

air, the particles deposited on the internal HEPA filter, and the aerosol in the cham-15

ber outflow reach equilibrium. An Ionicon proton-transfer reaction mass spectrometer

(PTR-MS) was available during several of the experiments for the analysis of gas-phase

hydrocarbons (Lindinger et al., 1998).

In the continuous-flow mode of the HEC, the outflow balances the inflow (Kleindienst

et al., 1999; Seinfeld et al., 2003). Ozone, water vapor, seed particles, and α-pinene20

are continuously input into the chamber during the course of the experiments and SOA

particles are continuously monitored in the chamber outflow. An experiment is run for

an indefinite time period of days to weeks, going through an initial transient period of 12

to 24 h until reactants and products reach their steady-state concentrations. Chamber

inflow-outflow is balanced by a feedback control that maintains the bag at a constant25

overpressure of 30 mTorr relative to its surroundings. As a result of the overpressure,

the bag walls are relatively quiescent, minimizing the mass transfer of gases and par-

ticles to the walls. Ozone concentration and relative humidity are also maintained at

constant values through feedback controls. The total flow rate of 21.1 sLpm, made up
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of 16, 3, 0.1, and 2 sLpm for the respective air flows of water vapor, seed particles,

ozone, and α-pinene/1-butanol carrier gas, corresponds to a residence time of 3.4 h

in the bag. The air, water vapor, seed, and ozone flows are mixed in a single inlet

and introduced into the center of chamber. The α-pinene/1-butanol carrier gas flow is

injected into the chamber through a separate inlet which is oriented perpendicular to5

and approximately 1 m away from the first inlet. Sampling flows are drawn from the

center of the chamber along the axis perpendicular to both inlet flows. The teflon bag

is periodically cleaned, especially before conducting experiments for the lowest SOA

mass loadings, by exposure to high ozone concentrations (ca. 1 ppm) for at least 24 h at

40
◦
C, followed by flushing with clean air for several hours. Following cleaning, particle10

concentrations in the chamber outflow are below 5 cm
−3

.

3 Results and discussion

The evolution toward steady-state of the α-pinene concentration measured by the PTR-

MS, the organic mass loading measured by the AMS, the particle volume loading mea-

sured by the SMPS, and the ozone concentration is shown in Fig. 1 for a continuous-15

flow experiment. Prior to time zero of Fig. 1, α-pinene and seed particles were in-

troduced into the chamber and allowed to come to steady-state. The measured con-

centration of α-pinene (2.1 ppbv, 11.9µg m
−3

) agreed with the concentration expected

based on the syringe injection rate into the bulb reservoir and the dilution ratio when

entering the chamber. Prior to the injection of ozone, the mass loading of organic parti-20

cles was below the detection limit of the AMS (0.02µg m
−3

) (DeCarlo et al., 2006). The

particle volume loading measured at this time by the SMPS (0.68×10
−9

nm
3
-particles

cm
−3

-air) corresponded to the seed sulfate particles.

At time zero, the ultraviolet lamp of the ozone generator was turned on, initiating

injection of ozone into the chamber. The approach of ozone concentration to a steady-25

state value of 535 ppbv over a period of 800 min is apparent in Fig. 1. Concomitantly,

SOA production began, as independently indicated by increases in the organic parti-
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cle mass loading and the particle volume loading. The α-pinene concentration also

decreased. There was no time delay between the consumption of α-pinene and the

onset of particle growth.

After ca. 600 min, steady-state conditions were obtained for α-pinene. The PTR-MS

measurements showed that 8.0 (±1)% of the α-pinene introduced into the chamber ex-5

ited without reaction. This amount of residual α-pinene in the chamber outflow agreed

well with a calculated value based on the measured ozone concentration, a rate con-

stant of 8.66×10
−17

cm
3

molecule
−1

for α-pinene ozonolysis (Calvert et al., 2000), and

a residence time of 3.4 h in the chamber. Moreover, the kinetic trace of the model

shown in Fig. 1 agreed well with the time-dependent observations. To be clear, the10

model was not scaled to the measurements but rather used known rate constants and

inflow/outflow rates from the chamber. The agreement between the measurements and

the model is evidence both that there was effective mixing of α-pinene and ozone within

the chamber and that OH radicals were adequately scavenged by 1-butanol. Greater

than 99% of the OH radicals were expected to be scavenged by 1-butanol based upon15

the relative concentrations of 1-butanol and α-pinene and the rate constants of OH

with these compounds (8.28×10
−12

cm
3

molecule
−1

and 5.37×10
−11

cm
3

molecule
−1

,

respectively) (Calvert et al., 2000; Cavalli et al., 2002),

The mass loadings measured by the AMS (∆MAMS), as well as the mass loadings

determined from the SMPS volume loading after accounting for the sulfate baseline20

and the measured particle density (Fig. S1, http://www.atmos-chem-phys-discuss.net/

7/17927/2007/acpd-7-17927-2007-supplement.pdf), are shown in Fig. 2 for separate

experiments conducted at 0.95, 1.9, 2.85, and 6.64 ppbv reacted α-pinene. The data

were recorded at least 24 h after the initial transient period shown Fig. 1 (i.e., the time

axis is not conserved in moving from Fig. 1 to Fig. 2). The steady-state data shown in25

Fig. 2 are broadly representative of those used to calculate ∆MAMS in this study. Op-

eration of the HEC in continuous-flow mode maintained approximately stable particle

loadings, as represented in Fig. 2, for week-long time periods. Regular fluctuations of

up to 20% were caused by the occasional release of a sessile α-pinene/butanol drop
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from the syringe needle and by chamber dynamics. In addition to providing a metric

for the stability of the continuous-mode operation, the data of Fig. 2 also show that the

increase of organic particle loading was not linear with α-pinene concentration from

0.95 to 6.64 ppbv.

The steady-state SOA particle mass yields (Y
ss

) determined from the data in Fig. 2,5

as well as from similar data at other α-pinene concentrations (Table 1), are shown

in Fig. 3 (red and blue circles). Yields were calculated as Y
ss
=∆M

ss
/∆HC

ss
, where

∆M
ss

(µg m
−3

) was the steady-state organic-particle loading and ∆HC
ss

(µg m
−3

) was

the reacted concentration of α-pinene. As an estimate of experimental variability, ex-

periments at 0.95, 1.90, and 2.85 ppbv α-pinene were each repeated three times, and10

the yield of each varied less than 20%. The yields in Fig. 3 and Table 1 are lower

limits of the actual yields because wall loss, which reduced the particle loading, was

not accounted for. Wall-loss corrections are discussed further below.

Two batch-mode experiments were conducted to provide an in-lab comparison be-

tween continuous-flow and batch-mode yields. Temperature, relative humidity, ozone,15

and seed particles were adjusted to their desired levels in the bag, after which inflows

were turned off. A pulse of clean air swept α-pinene and 1-butanol from the heated bulb

reservoir into the chamber, after which this inflow was also shut off. The subsequent

production of particle mass resulting from α-pinene ozonolysis was then monitored.

Following the approach described by Presto and Donahue (2006) and Ng et al. (2006),20

we calculated yield in 5-min time steps using simultaneous measurements of the α-

pinene concentration via the PTR-MS and the particle loading via both the AMS and

the SMPS. As shown in Fig. 3, the yields from these batch-mode experiments (green

and orange triangles) agreed well with those obtained in the continuous-flow mode.

The results shown in Fig. 3 and Table 1 indicate that there was significant SOA pro-25

duction at low ppbv levels of reacted α-pinene. For example, 1.9 ppbv (10.6µg m
−3

)

of reacted α-pinene produced 0.9µg m
−3

of SOA particle mass, corresponding to

Y
ss
=0.09. This example corresponds to the time trace of the data shown in Fig. 1.

The yield increased with loading, ranging from 0.09 to 0.27 for loadings of 0.15 to
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40µg m
−3

. Also shown in Fig. 3 is the two-product fit through the data. Table 2 lists

the fit coefficients for two common parameterizations of yields, though only the two-

product fit is shown in Fig. 3 (Odum et al., 1996, 1997; Seinfeld and Pankow, 2003;

Presto and Donahue, 2006). The Appendix provides the mathematical forms of the

fitting functions.5

Our findings can be compared to several recent reports in literature. In our study, the

yield curve had no inflection point toward null yield to as low as 0.15µg m
−3

, indicating

the formation of one or several products having vapor pressures below this value and

reflected in the large value of K1 of 100 m
3
µg

−1
in the two-product fit (Table 2). Ver-

heggen et al. (2007) observed a similar result to below 0.5µg m
−3

provided that the10

total condensable product mass including some gas-phase species was considered.

Pathak et al. (2007b), however, observed curvature toward zero yield (cf. data points

in Fig. 4). A related finding is that Pathak et al. (2007b) did not observe particle growth

below 1 ppbv reacted α-pinene. In our work, however, we observed significant growth

for 0.3 ppbv, which was the lowest value of our study. By chemical argument, organic15

molecules having vapor pressures sufficiently low to condense under these conditions

might be expected to have a high fractional oxygen content. In agreement with this

supposition, Tolocka et al. (2006) and Heaton et al. (2007) found that freshly nucle-

ated α-pinene ozonolysis particles were highly oxygenated. The AMS mass spectra

recorded in our study, which will be the subject of a detailed future publication, showed20

that the organic mass was increasingly oxygenated as particle loading decreased. The

fraction of oligomers also increased.

Our yields can also be quantitatively compared to those reported in earlier studies

of the dark ozonolysis of α-pinene (Hoffmann et al., 1997; Griffin et al., 1999b; Cocker

et al., 2001; Gao et al., 2004b; Presto et al., 2005; Presto and Donahue, 2006; Pathak25

et al., 2007a, b). Table 3 lists and compares the experimental conditions employed.

These studies reported results using SMPS measurements of particle volume loading

and a density of 1.0 g cm
−3

. Therefore, to facilitate a comparison of our data to the

results in literature, we adjusted our yield data to an organic density of 1.0 g cm
−3
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(viz. ρ1.0). The resulting two-product fit is shown in Fig. 3 (blue line; no wall-loss

corrections), and the fit coefficients are given in Table 2.

The deposition of particles to the walls of environmental chambers reduces the or-

ganic particle mass (McMurry and Grosjean, 1985; Kroll et al., 2007). The literature

studies of Table 3, represented by the data in Fig. 4, therefore corrected the yields5

for deposition of particles to the walls. To similarly address depositional wall loss and

thereby correct the apparent yields of our study, we measured the loss rate of dry,

monodisperse ammonium sulfate particles in the continuous-flow mode of the HEC,

obtaining 0.17 to 0.09 h
−1

for 50 through 150 nm particles. The density-normalized

yields were then wall-loss corrected using Eq. (1):10

Y ss
corr = Y ss

(

1 +
V β

F

)

(1)

where F was the total flow rate through the chamber (21.1 sLpm), V was the chamber

volume (4711 L), and β was the wall loss coefficient (0.17 or 0.09 h
−1

). In applying

Eq. (1), we assumed that the particle-wall-loss rate was first-order. The best-estimate

particle yields for ρ1.0 are shown in Figs. 3 and 4 as the shaded blue regions, reflecting15

uncertainties in the wall loss coefficient (i.e., 0.17 or 0.09 h
−1

). The parameterizations

of upper and lower sides of the shaded region are given in Table 2. The wall-loss-

corrected yields, representing our best-estimate yields, were 1.3 to 1.6 times larger

than the uncorrected yields.

A comparison of our best-estimate yields to literature results for the dark ozonolysis20

of α-pinene is shown in Fig. 4. Panels A1 and A2 show the data as reported by the

original authors, with the exception of the data of Gao et al. (2004b) that we adjusted

to an SOA particle density of 1.0 g cm
−3

. As seen in Table 3, experiments in the liter-

ature were conducted across a wide temperature range, affecting the measured yield.

Therefore, we adjusted the literature data to 298 K (Panels B1 and B2), using a temper-25

ature correction of 1.6% per K, as recommended by Pathak et al. (2007a). In addition,

Table 3 illustrates that there were other differences among the studies including relative

humidity, presence and composition of the seed particles, presence and identity of the
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OH radical scavenger, and ozone concentration. We attempted no normalizations for

these differences.

As seen in Fig. 4, the yields reported by us are significantly greater than most of

the yields previously reported in the literature, especially for low loading (<10µg m
−3

).

For mass loadings of 2.0 to 40µg m
−3

, we report yields that are 1.8 to 2.0 times larger5

than those reported in most literature studies. The exception is for Gao et al. (2004b),

whose observations converge with ours at ca. 10µg m
−3

. At lower mass loadings (less

than 2.0µg m
−3

), for which only Pathak et al. (2007a) provide data for comparison, our

best-estimate yields are offset by approximately +0.07. The differences between our

results and those in the literature are outside the probable range of instrumental errors10

and analysis uncertainties, as reflected by the uncertainty bars shown in Fig. 3.

Our observations of greater yields could potentially reduce the differences between

the predictions of chemical transport models, which have been informed by laboratory

measurements, and ambient observations (de Gouw et al., 2005; Heald et al., 2005;

Takegawa et al., 2006; Volkamer et al., 2006). A further goal is to explain why the15

yields were higher for our measurements compared to those reported previously in the

literature for experimental approaches similar in many aspects. The different experi-

mental parameters (e.g., relative humidity, OH scavenger, and so forth, as presented

in Table 3) provide no obvious regression to explain the variability in yield. For the

remainder of this paper, we examine and eventually rule out possible experimental20

artifacts. Under the assumption that all data in this study and in the literature are cor-

rect, the conclusion then must be that unidentified factors affecting yield exist that the

scientific community is not yet knowledgeable about.

As a first check against artifacts, to validate the experimental data and to test the

possibility of background particle production in the chamber, we carried out a series25

of control experiments in the continuous-flow mode, as outlined in Table 4. With the

main air flow active and in the presence of ozone (control 1), particle number concen-

trations remained below 5 cm
−3

by CPC detection and particle mass loading remained

below the detection limit (0.02µg m
−3

) of the AMS (DeCarlo et al., 2006). Addition of
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ammonium sulfate seed particles to the inflow (control 2) did not alter the null organic

signal of the AMS. These controls indicated that no condensable organic vapors were

present in the air supply of the Aadco generator or in the set-up for RH control. These

controls also demonstrated both that no condensable organic vapors were released

from the chamber walls and that no organic particles (possibly released as impurities5

from the water bubbler or the ammonium sulfate seed solution) reached the chamber.

Experiments with all reactive species present except ozone (control 3) demonstrated

that no organic particle growth occurred in the absence of ozone, thus ruling out parti-

cle contamination from the butanol or α-pinene. Experiments without α-pinene but with

butanol and ozone (control 4) also showed no organic particle growth, suggesting that10

reactive impurities were not present in the 1-butanol solution. In summary, organic par-

ticle growth was detected by the AMS and the SMPS only when α-pinene and ozone

were simultaneously introduced into the chamber.

One issue differentiating our experimental approach from that in the literature was

the use of the AMS in the former and the SMPS in the latter for determining yield. The15

SMPS measured volume loadings that were converted to mass loadings (∆MSMPS) us-

ing the organic particle density, typically normalized to 1.0 g cm
−3

. In contrast, the

AMS provided a measure of ∆M subject to the accuracy of the calibration. To inves-

tigate any possible biases in ∆MAMS, in particular its equivalency to ∆MSMPS, we also

made measurements of ∆MSMPS. A scatter plot of ∆MAMS with ∆MSMPS is shown in20

Fig. 5 for 0.5 to 6µg m
−3

. The clustering of the points around the 1:1 line shows that

the two quantities agreed well. The analysis in Fig. 5 is limited to low SOA mass load-

ings (<10µg m
−3

). For higher loadings, the large-diameter tail of the size distribution

extended beyond the 500-nm limit of the SMPS, preventing accurate measurements of

∆MSMPS. The good correlation in Figure 5 also supports the use of an AMS collection25

efficiency of unity and the assumption of spherical particles. The density of the organic

material, which was needed for the conversion of volume to mass in the analysis of the

SMPS data, was calculated at each mass loading using the approach of DeCarlo et

al. (2004) and Katrib et al. (2005), as described in the Appendix. The organic densities
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(Table 1) decreased with increasing organic loading, implying a change in chemical

composition that is consistent with the greater oxygen content observed in the mass

spectra. A detailed analysis of this topic, as well as the associated mass spectra, will

be the subject of a future report. In summary, the yields we report in Figs. 3 and 4 are

redundantly supported by the AMS and SMPS data, at least for <10µg m
−3

.5

The yields for most of the literature experiments shown in Fig. 4 were obtained using

2-butanol as an OH scavenger (cf. Table 3), compared to 1-butanol used by us. To

investigate the possibility that this difference might significantly affect yield, we con-

ducted a batch-mode experiment using 2-butanol as the scavenger. As seen in Fig. 3,

yields obtained when using 2-butanol (orange triangles) were similar as when using 1-10

butanol (green triangles). The major products of the OH-initiated oxidation of 1-butanol

are butanal, propanal, ethanal, and formaldehyde (Cavalli et al., 2002), compared to

2-butanone for the oxidation of 2-butanol (Chew and Atkinson, 1996). The high vapor

pressures of these molecules suggest that they are too volatile to partition into the par-

ticle phase (Barsanti and Pankow, 2004), although reactive uptake of aldehydes may15

be important under some conditions (Jang and Kamens, 2001; Jang et al., 2002)

A hypothesis considered but ruled out (by reasoning given in this paragraph) to ex-

plain the differences in yields was that the gas-phase chemistry of the dark ozonolysis

of α-pinene could change among different experimental configurations and conditions,

principally because of second-order reactions of peroxy radicals. To quantitatively in-20

vestigate this possibility, we simulated α-pinene ozonolysis in the presence of 1-butanol

using the Master Chemical Mechanism (MCM) (version 3.1) (Saunders et al., 2003).

The time evolution of species, revealing the higher peak concentration of peroxy rad-

icals for batch mode because of the greater rates of α-pinene oxidation, is shown in

Fig. 6. Although the model omits SOA particle growth and gas-phase species scav-25

enging to the walls and although the MCM is incomplete as indicated by the absence

of species of sufficiently low volatility to form SOA (Jenkin, 2004), the results given in

Table 5 nevertheless show that the composition of the predicted gas-phase products

should be similar in the continuous-flow and batch modes for ozone concentrations of
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300 ppbv. Among pinonic acid, pinaldehyde, norpinonaldehyde, pinic acid, and hydrox-

ypinonic acid, the greatest difference is −10% for the short-time batch mode and +1%

for the long-time batch mode compared to the continuous-flow mode. The mass yield

of particles should also therefore be similar, at least so long as partitioning theory for

gas-phase products governs particle growth. Differences among modes do, however,5

increase for higher ozone concentrations, as indicated for short-time high-ozone batch

mode. Differences are greatest for peroxy radicals and for hydroperoxide species. As

an experimental test of the possible importance of the ozone concentration, we carried

out two experiments at 50 ppbv. Within error, yields for 50 ppbv ozone (blue circles;

Fig. 3) lie along the same curve as those determined for 300 ppbv ozone (red circles).10

Nevertheless, we did not experimentally test the higher ozone concentrations used in

Pathak et al. (2007a) (≥750 ppb), so the hypothesis remains open that at least some

of the differences in yield at low mass loadings are possibly attributable to differences

in gas-phase chemistry.

Another hypothesis, also considered but ruled out, to explain the higher yields ob-15

served by us was that semivolatile mass might accumulate on the walls prior to the

measurements and subsequently might bleed off the walls during the measurements,

condense onto the particles, and thereby lead to systematically high yields. As a prac-

tical matter, we cleaned the walls before each measurement so that, if the walls did

not come to equilibrium, they were a sink of material, which would have the effect of20

understating rather than overstating yields. In addition, we observed that the parti-

cle loadings reached steady-state within approximately 24 h of any perturbation to the

chamber and remained stable for week-long time periods.

4 Conclusions

The yield of particle mass in secondary organic aerosol was measured for the dark25

ozonolysis of 0.3–22.8 ppbv of reacted α-pinene at 298 K and 40% RH. The yields

determined by two independent instruments, namely an AMS and an SMPS, agreed
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well. The yields, however, were approximately twice those reported in the literature

for loadings of 2 to 40µg m
−3

(Fig. 4). At lower loadings, the yields had an offset of

approximately +0.07 from those reported in the literature. We therefore investigated

several possible artifacts and sources of error that reasonably could have influenced

yield. We concluded, however, that the higher yields we observed can be explained by5

none of these possibilities. Under the assumption that both our data and the literature

data are correct, we conclude that there are poorly understood or even unknown factors

influencing particle yield in chamber SOA experiments. Our publication then stands as

an alert. Yield represents the fractional partitioning of molecules between the gas and

particle phases of an aerosol. This partitioning depends on the identity of the molecules10

and hence the chemistry that takes place to form those molecules.

The processes occurring within continuous-flow and batch-mode chambers are com-

plex. Gas-phase chemistry occurs inside the chamber. Partitioning of the product

molecules among the surfaces of the walls, particles deposited on the walls, and

aerosol particles occurs by gas-phase transport. Deposition of particles occurs to the15

walls. Possible reactive chemistry occurs on the walls or in the particles. Even so, for

the continuous-flow chamber at steady-state, high confidence is possible regarding the

lower limit of Y
ss

(i.e., Y
ss
=∆M

ss
/∆HC

ss
). The particle mass flow out of the cham-

ber (setting a lower limit on ∆M
ss

) is accurately measured. The amount of reacted α-

pinene (∆HC
ss

) is also accurately measured (e.g., the PTR-MS measurements agreed20

well with the value calculated from the known reaction rates). High confidence in the

lower limit of Y
ss

therefore follows. Moreover, we can have this high confidence for low

concentrations of reacted hydrocarbon and particle mass loading because of signal

integration in steady-state.

Further work and hypotheses are required to understand the factors leading to the25

differences observed between our results and those reported in the literature. Several

factors known to influence yield, such as ammonia concentration, liquid or solid seed-

particle phase, and seed-particle acidity, were similar among the group of experiments

tabulated in Table 3 and so these factors would not appear to be the explanation.
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Pathak et al. (2007a) and Kroll et al. (2007), however, highlighted several other factors

that can affect yields, including the direct loss of semivolatile species to the walls of the

chamber. The extent of interactions with the walls should depend on the particulars of

the chamber geometry and its operation, which differed among the various experiments

of Table 3. The interactions with the walls would be most important for the lowest5

quantities of reacted VOC because only the lowest volatility molecules can contribute

to particle growth. As an upper-limit estimate of the volatility we can infer from our

results, for the assumption of a single species having a molecular weight of 200 g mol
−1

contributing to the organic mass at 0.15µg m
−3

, the corresponding vapor pressure is

1.4×10
−8

Torr at 298 K. This vapor pressure is twenty times lower than that of pinic10

acid (32×10
−8

Torr) (Bilde and Pandis, 2001), which is a C9 dicarboxylic acid identified

as a product of α-pinene ozonolysis (Yu et al., 1999) and is possibly the least-volatile

monomer species. Jenkin (2004) modeled SOA formation during α-pinene ozonolysis

from the gas-phase mechanism embedded in the Master Chemical Mechanism and

had to artificially reduce the volatility of the products by a factor of 100 to explain particle15

growth. Our observations of significant particle mass at low concentrations of reacted

α-pinene, together with the vapor pressures of the known momomeric species (Bilde

and Pandis, 2001) and the study of Jenkin (2004), suggest that oligomeric or highly

oxygenated material of low volatility is a key component of SOA particle mass at low

loadings. Experimental configurations and interactions with walls may then be crucial20

to understanding differences among yields. The related follow-on inference is that

the higher yields measured in this study would thus be explained by less interaction

with the walls and therefore could be closer to the yields expected under atmospheric

conditions.

The absence of a conclusive explanation notwithstanding, the increased yields ob-25

served in our experiments, especially for low loadings, are potentially important for rec-

onciling the differences between the higher organic particle concentrations observed in

many geographic locations and the lower concentrations presently predicted by chem-

ical transport models, which are based in large part on the yields reported in the litera-
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ture.

Appendix A

Measurement of mass loading

The AMS directly measures organic particle mass loading C
ss
particle, which we label5

C
ss,AMS

particle
. Given the absence of initial organic loading, we have: ∆M

ss

AMS
=C

ss,AMS

particle
.

C
ss,AMS

particle
was typically calculated by averaging between 4 and 12 h of the MS-mode

data. The AMS ionization efficiency was calibrated with monodisperse ammonium ni-

trate particles. Signal intensities were converted to nitrate-equivalent mass loading,

as described in the literature (Jayne et al., 2000; Allan et al., 2003; Jimenez et al.,10

2003). Inorganic species were separated from organic species based on reproducible

fragmentation patterns obtained in laboratory calibrations (Allan et al., 2003; Jimenez

et al., 2003). Corrections for gas-phase species fragmenting at m/z 29, 40, and 44

were made using the P-ToF mode of the AMS for each individual experiment (Jayne et

al., 2000). Based on the results of a high-loading experiment, the particle-phase signal15

intensity at m/z 28 (from CO
+

) was calculated as 1.075 times that of the particle-phase

CO
+

2 signal at m/z 44 (from CO
+

2 ). This value was similar to that of 1.15 reported by

DeCarlo et al. (2006).

The AMS lens transmits particles of vacuum aerodynamic diameters between 70 and

500 nm with nearly 100% efficiency and shows substantial transmission of particles20

with diameters between 500–2000 nm (Jayne et al., 2000). For experiments described

herein, the vacuum-aerodynamic size distribution was almost entirely within the 70

to 500 nm range. Particle bounce off the heater and loss of particles as a result of

inefficient focusing were assumed negligible, and a net collection efficiency of unity

was therefore used in the calculations (Huffman et al., 2005). Agreement between the25

AMS and SMPS data shown in Fig. 5 suggested that this assumption was valid.
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Compared to the direct mass measurements of the AMS, the SMPS data di-

rectly measured the volume concentration of the organic material. The mass loading

C
ss,SMPS

particle
was then obtained using the organic-phase density. We omitted any hygro-

scopic growth of the particles (40% RH) and assumed that the particles were spherical.

The particle size distributions measured by the SMPS for the steady-state aerosol5

and the initial seed particles (n
ss

(Dp) and n
seed

(Dp), respectively) were used to calcu-

late the organic particle mass concentration, as follows:

∆Mss

SMPS
= C

ss,SMPS

particle
= ρSOA

π

6

D
max
p
∫

Dmin
p

(

nss(Dp) − nseed(Dp)
)

D3
pdDp (A1)

The organic-phase density (ρSOA) was obtained from the AMS-measured vacuum

aerodynamic diameter in conjunction with SMPS measurements of mobility diameter,10

including a volume-weighted accounting of the ammonium sulfate seed (DeCarlo et al.,

2004; Katrib et al., 2005) (Fig. S1, http://www.atmos-chem-phys-discuss.net/7/17927/

2007/acpd-7-17927-2007-supplement.pdf).

Appendix B

15

Two-product model

The reacted hydrocarbon mass is assumed to form j product classes of respective

mass yields αj (Pankow, 1994a, b; Odum et al., 1996). For each product class, a

volatility coefficient Kj quantifies the partitioning between the particle and gas phases.

Yield data are then parameterized according to the following equation:20

Y =

∑

i

αjKjC
ss
particle

1 + KjC
ss
particle

(B1)
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Most typically, two product classes are sufficient to describe the yield data.

Appendix C

Basis-set model

The volatility of the product classes is prescribed in decadal units of 10
−j

, where 10
−j

5

corresponds to 1
/

Kjof the two-product model and is often denoted by C
∗

j (Donahue et

al., 2005). In this case, we obtain:

Y =

∑

j

αj

(

1 +
10

−j

Css
particle

)−1

=

∑

j

αj

(

1 +

C
∗

j

Css
particle

)−1

(C1)

Four decadal units of volatility are typically sufficient to describe the yield data.
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Table 1. Experimental conditions and results for SOA particle production from the dark ozonol-

ysis of α-pinene. Yields were calculated as Y = ∆M/∆HC, where ∆M (µg m
−3

) was the or-

ganic particle mass loading and ∆HC (µg m
−3

) was the reacted concentration of α-pinene. No

corrections were made for wall losses for the values included in this table. The experiments

were performed under the following conditions: 298 (±1) K, 40 (±2) % RH, <1 ppbv NOx, dry

(NH)4SO4 seed particles (5000 to 8000 cm
−3

and 6.2 to 11×10
7

nm
2

cm
−3

), and 1- or 2-butanol

as an OH radical scavenger at a molar concentration of 1040 times that of α-pinene. Data aver-

aging times for ∆MAMS typically ranged between 4 and 12 h in the continuous-flow mode. Data

were averaged for 5 min in the batch-mode experiments. The corresponding averaging times

for ∆MSMPS were 1–4 h in the continuous-flow mode and 5 min for the batch-mode experiments.

Date Mode O3 (ppbv) ∆HC (ppbv) ∆HC (µg m
−3

) ∆MAMS (µg m
−3

) ∆MSMPS (µg m
−3

)
a

ρmeas,SOA (g cm
−3

) YAMS YSMPS

12/10/2006 continuous 300 22.77 126.93 35.64 – 1.23 0.28 –

1/8/2007 continuous 300 2.85 15.87 1.67 1.29 1.65 0.11 0.08

1/10/2007 continuous 300 14.23 79.33 15.42 8.79 1.23 0.19 0.11

1/24/2007 continuous 300 6.64 37.02 6.97 5.74 1.42 0.19 0.15

1/31/2007 continuous 300 0.95 5.29 0.55 0.45 1.67 0.10 0.08

2/5/2007 continuous 300 1.90 10.58 1.26 1.19 1.66 0.12 0.11

2/8/2007 continuous 300 0.95 5.29 0.50 0.67 1.73 0.09 0.13

2/11/2007 continuous 300 1.90 10.58 0.96 1.33 1.64 0.09 0.13

2/23/2007 continuous 50 2.85 15.87 1.74 1.52 1.60 0.11 0.10

2/26/2007 continuous 50 6.64 37.02 5.07 3.65 1.53 0.14 0.10

4/19/2007 continuous 535 1.90 10.58 1.09 0.94 1.56 0.10 0.09

4/20/2007 continuous 300 2.85 15.87 1.81 1.45 1.56 0.11 0.09

4/21/2007 continuous 300 0.95 5.29 0.60 0.89 1.51 0.11 0.17

4/29/2007 batch 300 0.30 1.65 0.15 0.17
b

– 0.09 0.10

4/29/2007 batch 300 3.77 20.99 2.44 3.67 1.32 0.12 0.15

4/29/2007 batch 300 5.06 28.21 3.85 5.45 1.25 0.14 0.14

4/29/2007 batch 300 6.13 34.17 5.37 6.50 1.30 0.16 0.17

4/29/2007 batch 300 7.01 39.08 6.05 7.35 1.26 0.15 0.17

4/29/2007 batch 300 7.74 43.14 7.71 7.54 1.27 0.18 0.18

4/29/2007 batch 300 8.34 46.49 7.33 8.32 1.23 0.16 0.17

4/29/2007 batch 300 8.83 49.25 8.91 8.20 1.30 0.18 0.17

5/17/2007
c

batch 300 4.76 26.56 2.78 – – 0.10 –

5/17/2007
c

batch 300 6.71 37.43 5.25 – – 0.14 –

5/17/2007
c

batch 300 7.44 41.49 6.62 – – 0.16 –

5/17/2007
c

batch 300 8.54 47.60 9.28 – – 0.19 –

5/17/2007
c

batch 300 8.95 49.89 9.80 – – 0.20 –

a
∆MSMPS is calculated as the product of the indicated SOA density and the change in volumetric loading.

b
Due to insufficient signal in the P-TOF mode of the AMS, the SOA density could not be calculated for this experiment.

Instead, a density of 1.64 (i.e., the average density of the 1/31, 2/8, and 4/21 experiments) was employed.
c

2-butanol was employed as the OH radical scavenger. SMPS data were not recorded. Data from this experiment

were excluded from the parameterizations.
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Table 2. Empirical parameters describing the particle mass yield of SOA produced in

continuous-flow mode for the dark ozonolysis of α-pinene. Parameters, both for measured

density ρmeas,SOA and normalized density ρ1.0 of 1.0 g cm
−3

, are shown for a two-product model

(Odum et al., 1996) and a basis-set model (Donahue et al., 2005). Wall-loss-corrected param-

eters are also provided for ρ1.0. Equations for making use of these parameters are given in the

Appendix. The Kj values shown in the table correspond to the C
∗

j values commonly used in the

basis set model as Kj=1/C
∗

j . Equations are plotted in Fig. 3.

α1 α2 α3 α4 K1 (m
3
µg

−1
) K2 (m

3
µg

−1
) K3 (m

3
µg

−1
) K4 (m

3
µg

−1
)

ρmeas,SOA

Two-Product Model 0.088 0.259 – – 100 0.067 – –

Basis Set 0.08 0.019 0.18 0.03 10 1 0.1 0.01

ρ1.0

Two-Product Model 0.054 0.242 – – 100 0.079 – –

Wall-corrected, lower limit 0.076 0.373 – – 100 0.039 – –

Wall-corrected, upper limit 0.093 0.459 – – 100 0.032 – –

Basis Set 0.059 0.007 0.18 0.03 10 1 0.1 0.01
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Table 3. Comparison of the experimental conditions of this work with those of other studies on

the particle mass yield of SOA produced in the dark ozonlysis of α-pinene. The yields of these

studies are shown as data points in Fig. 4.

Reference Temperature Relative Humidity Seed OH Scavenger Ozone ∆HC ρSOA ∆M

(K) (%) (ppbv) (ppbv) (g cm
−3

) (µg m
−3

)

Hoffmann et al. (1997)
a

289.3–322.1 NA (NH4)2SO4(s) none 210–327 38–154.1 NA 29.9–341

Griffin et al. (1999b) 303.3–309.9 5 (NH4)2SO4(s) 2-butanol 67–260 16.7–65.0 1.0 7.4–65.1

Cocker et al. (2001)
b

301.2–302.9 < 2,39−49.2 none, (NH4)2SO4(s), 2-butanol 130–600 22.6–212.3 1.0 10–213

and NH4HSO4

Gao et al. (2004b)
c

293 55 MgSO4(aq) cyclohexane 24–270 12–135 1.4
g

20–404

Presto et al. (2005)
d

295 <10 none 2-butanol 160–605 15.0–210 1.0 7.08–346

Presto and Donahue (2006)
e

295 < 10 none 2-butanol 260–350 13.4–135 1.0 6.43–192

Pathak et al. (2007a)
f

288–313 <10 none, (NH4)2SO4(s) 2-butanol 750–3100 3.7–8.5 1.0 0.7–3.7

Pathak et al. (2007b) 288 65 (NH4)2SO4 2-butanol 250 38 1.0 46.0

This work 298 40 (NH4)2SO4(s) 1- and 2- butanol 50, 300, 535 0.3–22.8 1.23–1.73
g

0.15–35.6

a
The majority of the data was collected at 319.3–322.1 K. One point was collected at 289.3 K.

b
We do not include the data collected using aqueous seed particles.

c
We do not include the data collected using acidic seed particles.

d
We include in our analysis only the experiments for which [VOC]/[NOx]>15 and which were conducted in the dark.

e
We include in our analysis only experiments classified as “α-pinene + O3, dark”.

f
We include in our analysis only data collected for ozone concentrations of 750 ppbv or greater in the presence of seed

particles and of 1500 ppbv or greater in their absence because Pathak et al. (2007a) observed that yields depend on

seed particles and ozone concentration under some conditions.
g

Yields shown in Fig. 4 are normalized to ρ1.0.
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Table 4. Summary of the results of control experiments concerning SOA production in the

chamber. The criterion for a positive result was detection of an organic particle loading above

the detection limit (0.022µg m
−3

) of the HR-ToF-AMS.

Description Variables Observation

(NH4)2SO4 Seed Ozone (>300 ppbv) 1-butanol (>1 ppmv) α−pinene SOA Formation

Control 1: Ozone Only No Yes No No No

Control 2: Seed and Ozone Only Yes Yes No No No

Control 3: No Ozone Yes No Yes Yes No

Control 4: No α-pinene Yes Yes Yes No No

Experiment Yes Yes Yes Yes Yes
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Table 5. Relative concentrations of the predicted gas-phase yields using the Master Chemical

Mechanism (MCM), V3.1 (Saunders et al., 2003) for the dark ozonolysis of α-pinene. Results

are shown for simulations of continuous-flow, short-time batch, short-time batch under high

ozone, and long-time batch modes of chamber operation. Short-time corresponds to 15 min,

which is the time point of maximum of [ROO] (cf. Fig. 6). Long-time corresponds to 2000 min.

The second column for the batch-mode results shows the ratio to the continuous-flow results.

Products shown account for 95% of the C5 and greater products, excluding the remaining

α-pinene. Conditions of the simulations are given in the caption of Fig. 6. The short-time

batch-mode high-ozone simulation was run at 1500 ppbv ozone. The model predicts gas-phase

products and omits SOA production and scavenging of species to the walls. Products are

labeled as the SMILES strings of the MCM.

Mode

Product Continuous Flow Short-Time Batch Long-Time Batch Short-Time Batch

High Ozone

C107OOH 18.7% 19.9% 1.06 18.5% 0.99 18.0% 0.96

PINONIC 13.0% 13.1% 1.01 13.1% 1.00 12.8% 0.98

C97OOH 9.6% 6.8% 0.71 9.8% 1.02 7.4% 0.77

C108OOH 8.1% 3.5% 0.43 9.1% 1.13 5.1% 0.64

PINAL 7.8% 8.0% 1.02 7.9% 1.01 8.2% 1.05

C89CO2H 5.7% 5.2% 0.93 5.6% 0.99 5.3% 0.94

C107OH 4.0% 2.5% 0.63 4.8% 1.19 3.9% 0.96

C96OH 3.8% 3.4% 0.90 3.7% 0.99 3.5% 0.94

NORPINAL 3.8% 3.4% 0.90 3.7% 0.99 3.6% 0.94

PINIC 3.1% 2.9% 0.91 3.1% 0.99 3.0% 0.94

C921OOH 2.5% 1.6% 0.63 2.6% 1.01 1.8% 0.73

C107O2 2.2% 6.4% 2.86 2.8% 1.26

C89OOH 2.2% 1.6% 0.72 2.3% 1.02 1.7% 0.77

C109OOH 1.7% 3.5% 2.07 2.2% 1.29 2.6% 1.56

C812OOH 2.1% 1.7% 0.79 1.9% 0.92 1.7% 0.81

C96OOH 1.8% 3.5% 1.91 2.2% 1.23 2.7% 1.48

HOPINONIC 1.4% 1.3% 0.92 1.4% 0.99 1.3% 0.94

C109CO 1.3% 1.2% 0.93 1.3% 0.99 1.3% 1.00

C109OH 1.3% 1.2% 0.93 1.3% 0.99 1.2% 0.93

C97O2 1.2% 3.1% 2.67 2.7% 2.31

C811OH 1.3% 0.9% 0.69 1.3% 1.00 0.7% 0.55

C721CHO 1.3% 1.1% 0.83 1.3% 1.00 1.2% 0.92

C108O2 1.0% 2.3% 2.34 3.5% 3.65

C813OOH 0.9% 1.1% 1.17 0.6% 0.58

C811OH 1.1% 0.5%

C921O2 0.8% 0.8%

C812O2 0.8% 0.4%

CO235C6CHO 1.1%

C108OH 0.6%

APINAOOH 1.0%

C89O2 0.6%
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Fig. 1. Evolution of ozone concentration, SOA particle mass loading, SOA particle volume

loading, and measured and modeled α-pinene concentration toward steady-state during a

continuous-flow experiment. Particle and α-pinene (×0.1) mass loadings are shown on the

left axis, ozone concentration is shown on the inner-right axis, and particle volume loading is

shown on the outer-right axis. Corrections for particle loss to the walls are not applied to the

shown data. α-pinene is injected and equilibrated (2.1 ppbv) prior to injection of ozone. Further

conditions are given in Table 1. The Appendix provides information on instrument calibration

and on calculation of particle loadings from the data of the AMS and the SMPS.
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Fig. 2. Time trace of the SOA particle mass loading measured by the AMS (solid lines) and

calculated from the SMPS volume measurements (dotted line) using measured ρSOA for four dif-

ferent reacted α-pinene concentrations. Corrections for particle loss to the walls are not applied

to the shown data. Experimental conditions are the same as for Fig. 1, except that 300 ppbv

ozone is employed. A continuous SMPS record is not available because this instrument was

also used for other functions.
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Fig. 3. Particle mass yield of SOA produced by the dark ozonolysis of α-pinene in continuous-

flow and batch-mode experiments. Panel (a) shows the full range of data from 0 to 40µg m
−3

organic loading. Panel (b) shows an expanded view from 0 to 10µg m
−3

. Values of the data

points correspond to YAMS of Table 1. The SMPS data YSMPS give similar results (cf. Fig. 5).

The black line shows the fit for the parameters given in Table 3 for ρSOA. The blue line shows

the fit after the data are normalized to ρ1.0, as done to facilitate comparison of our data to

literature data (cf. Fig. 4). The shaded blue area shows the best-estimate yield values for ρ1.0

after correction for particle wall loss.
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Fig. 4. Comparison of yields obtained in this work to those of other studies for the dark ozonlysis

of α-pinene (Table 3). Data shown in panels (a1) and (a2) are as reported by the original

researchers, with the exception of the data of Gao et al. (2004b). We adjusted these data to

ρ1.0 to facilitate the comparison with the other studies. We adjusted the data shown in panels

(b1) and (b2) to 298 K using a temperature correction of 1.6% per K, as recommended by

Pathak et al. (2007a), to allow comparisons among the studies.
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Fig. 5. SOA particle mass loadings measured by the AMS compared to those determined

from the SMPS data. Volume loadings measured by the SMPS are multiplied by the measured

densities to determine mass loadings. See equations in the Appendix.
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Fig. 6. Model simulations using the Master Chemical Mechanism (MCM), V3.1 (Saunders

et al., 2003) for (a) continuous-flow and (b) batch-mode experiments. The model predicted

gas-phase products but omitted SOA production and scavenging of species to the walls. The

environmental chamber was modeled as a continuously stirred tank reactor. Legend: α-pinene

(red), ozone (dashed green, ×10
−2

), peroxy radicals, (dashed blue, ×10), pinonic acid (green),

pinaldehyde (blue), norpinonaldehyde (purple), pinic acid (orange), and hydroxypinonic acid

(magenta). Conditions: (1) continuous-flow mode, 3 ppb α-pinene prior to ozonolysis, 300 ppb

ozone, 3 ppm 1-butanol, 40% RH, 25
◦
C, and residence time of 4.0 h; (2) batch mode, 10 ppb

α-pinene prior to ozonolysis, 300 ppb ozone, 10 ppm 1-butanol, 40% RH, and 25
◦
C.
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