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Abstract. Laboratory chambers, invaluable in atmospheric
chemistry and aerosol formation studies, are subject to par-
ticle and vapor wall deposition, processes that need to be
accounted for in order to accurately determine secondary
organic aerosol (SOA) mass yields. Although particle wall
deposition is reasonably well understood and usually ac-
counted for, vapor wall deposition is less so. The effects of
vapor wall deposition on SOA mass yields in chamber ex-
periments can be constrained experimentally by increasing
the seed aerosol surface area to promote the preferential con-
densation of SOA-forming vapors onto seed aerosol. Here,
we study the influence of seed aerosol surface area and ox-
idation rate on SOA formation in α-pinene ozonolysis. The
observations are analyzed using a coupled vapor–particle dy-
namics model to interpret the roles of gas–particle partition-
ing (quasi-equilibrium vs. kinetically limited SOA growth)
and α-pinene oxidation rate in influencing vapor wall depo-
sition. We find that the SOA growth rate and mass yields are
independent of seed surface area within the range of seed
surface area concentrations used in this study. This behav-
ior arises when the condensation of SOA-forming vapors is
dominated by quasi-equilibrium growth. Faster α-pinene ox-
idation rates and higher SOA mass yields are observed at in-
creasing O3 concentrations for the same initial α-pinene con-
centration. When the α-pinene oxidation rate increases rela-
tive to vapor wall deposition, rapidly produced SOA-forming
oxidation products condense more readily onto seed aerosol

particles, resulting in higher SOA mass yields. Our results in-
dicate that the extent to which vapor wall deposition affects
SOA mass yields depends on the particular volatility organic
compound system and can be mitigated through the use of
excess oxidant concentrations.

1 Introduction

Secondary organic aerosol (SOA), formed from the oxidation
of volatile and intermediate-volatility organic compounds
(VOCs and IVOCs), contributes a significant fraction of the
global organic aerosol burden (Kanakidou et al., 2005; Hal-
lquist et al., 2009; Tsigaridis et al., 2014). SOA formation
studies, which are typically conducted in laboratory cham-
bers in the presence of seed aerosol particles, provide fun-
damental data that can be used to predict the rate of atmo-
spheric SOA formation. An essential parameter of interest
in laboratory chamber studies is the SOA mass yield (Y ),
which is defined as the ratio of mass concentration of SOA
formed to mass concentration of parent hydrocarbon reacted
((1HC), Y =1Mo/1HC; Odum et al., 1996, 1997a, b). The
measured SOA mass yields can subsequently be applied in
atmospheric models to predict regional and global organic
aerosol burdens. In order to obtain accurate SOA mass yields
from the evolving aerosol size distribution in chamber exper-
iments, the loss of both particles and vapors to the chamber
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walls needs to be accurately accounted for (Crump and Se-
infeld, 1981; McMurry and Grosjean, 1985; McMurry and
Rader, 1985; Cocker et al., 2001a; Weitkamp et al., 2007;
Pierce et al., 2008; Hildebrandt et al., 2009; Loza et al., 2010,
2012; Matsunaga and Ziemann, 2010; Kokkola et al., 2014;
McVay et al., 2014; Yeh and Ziemann, 2014, 2015; Zhang et
al., 2014, 2015a; La et al., 2016; Ye et al., 2016).

The mechanisms by which particles in chambers deposit
on chamber walls are reasonably well understood. Particles
are transported to the boundary layer on the chamber walls
via diffusion, gravitational settling, and electrostatic forces
(Crump and Seinfeld, 1981; McMurry and Grosjean, 1985;
McMurry and Rader, 1985; Pierce et al., 2008). The rate at
which particles are transported to the edge of the boundary
layer is dictated primarily by mixing conditions in the cham-
ber. An effective approach for characterizing particle wall
loss involves measuring the size-dependent wall loss rates
of polydisperse inert seed aerosol (e.g., ammonium sulfate
particles) injected into the chamber during seed-only exper-
iments (Keywood et al., 2004; Pierce et al., 2008). The ob-
served particle number concentration decay in each size bin
is then fitted to a first-order exponential decay from which the
first-order wall loss coefficients are determined as a function
of particle size. These wall loss coefficients are subsequently
used to correct for size-dependent particle wall loss in actual
SOA formation experiments. Determination of particle wall
loss coefficients may be complicated if coagulation is signifi-
cant. Particle dynamics models can be used to correct particle
wall loss coefficients for coagulation.

Vapor wall deposition mechanisms in chambers are not as
well understood or accounted for as those for particles. The
degree to which SOA-forming vapors deposit onto chamber
walls is governed by the rate at which these gas-phase or-
ganic molecules are transported to the walls, the strength of
adherence of the organic molecule to the wall, and the extent
of reversible vapor–wall partitioning (Loza et al., 2010; Mat-
sunaga and Ziemann, 2010; Zhang et al., 2015a). For exam-
ple, Loza et al. (2010) showed that the loss of 2,3-epoxy-1,4-
butanediol, an isoprene oxidation product analogue, to walls
in the Caltech chamber was essentially irreversible on short
timescales but became reversible on longer timescales. In
contrast, glyoxal, a common isoprene oxidation product, ex-
hibited reversible vapor–wall partitioning over all timescales.
Recent studies show that SOA mass yields measured in
chamber experiments can be significantly underestimated
due to wall deposition of SOA-forming vapors that would
otherwise contribute to SOA growth (McVay et al., 2014;
Zhang et al., 2014; La et al., 2016). Zhang et al. (2014) found
that chamber-derived SOA mass yields from toluene pho-
tooxidation may be underestimated by as much as a factor
of 4 as a result of vapor wall loss. Consequently, the use of
underestimated chamber-derived SOA mass yields in atmo-
spheric models will lead to the underprediction of ambient
SOA mass concentrations (Cappa et al., 2016).

For the toluene photooxidation system, Zhang et al. (2014)
showed that the measured SOA mass yields increased with
increasing seed aerosol surface area, demonstrating that in-
creasing the seed-to-chamber surface area ratio promoted
the condensation of SOA-forming vapors onto seed aerosol
particles. However, increasing the seed aerosol surface area
to promote condensation of SOA-forming vapors onto seed
aerosol particles may not be effective in all VOC oxidation
systems. A modeling study by McVay et al. (2014) showed
that the SOA mass yield depends on seed aerosol surface
area only in cases where the condensation of SOA-forming
vapors onto seed aerosol particles is kinetically limited (i.e.,
the timescale for gas–particle equilibrium is competitive with
or greater than the timescale for reaction and vapor wall de-
position). In addition to the seed aerosol surface area, VOC
oxidation rate may also play an important role in the effect of
vapor wall loss on SOA formation. Ng et al. (2007) showed
that the SOA mass yields from m-xylene photooxidation are
dependent on the oxidation rate, with higher OH concentra-
tions (and hence faster oxidation rates) resulting in higher
SOA mass yields. It was suggested that the “oxidation rate
effect” could arise as a result of competition between grow-
ing particles and chamber walls for condensable VOC oxida-
tion products (Ng et al., 2007). However, McVay et al. (2016)
reported similar SOA growth at low and high OH concentra-
tions in α-pinene photooxidation. Taken together, these stud-
ies show the importance of understanding how gas–particle
partitioning and VOC oxidation rate impact vapor wall de-
position and SOA mass yields in laboratory chamber experi-
ments.

In this study, we examine the influence of seed aerosol sur-
face area and oxidation rate on SOA formation in α-pinene
ozonolysis chamber experiments. α-pinene is the most abun-
dant monoterpene, with global emissions estimated to be
∼ 66 Tg yr−1 (Guenther et al., 2012). Ozonolysis is the ma-
jor atmospheric oxidation pathway of α-pinene, and is esti-
mated to account for reaction of ∼ 46 % of emitted α-pinene
(Griffin et al., 1999; Capouet et al., 2008). α-pinene ozonoly-
sis, a major source of atmospheric SOA on both regional and
global scales (Kanakidou et al., 2005; Hallquist et al., 2009;
Carlton et al., 2010; Pye et al., 2010), has been the subject of
numerous studies (Hoffmann et al., 1997; Griffin et al., 1999;
Cocker et al., 2001b; Gao et al., 2004; Presto et al., 2005;
Presto and Donahue, 2006; Pathak et al., 2007a, b; Song et
al., 2007; Shilling et al., 2008; Henry et al., 2012; Ehn et al.,
2014; Kristensen et al., 2014; Zhang et al., 2015b). Here, we
measure the α-pinene SOA mass yield as a function of seed
aerosol surface area concentration (0 to 3000 µm2 cm−3) and
O3 mixing ratio (100 vs. 500 ppb). These results are analyzed
using a coupled vapor–particle dynamics model to evaluate
the roles of gas–particle partitioning and VOC oxidation rate
in influencing vapor wall deposition effects on the measured
SOA mass yields.
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Table 1. Experimental conditions and results for the α-pinene ozonolysis experiments.

Experiment Initial seed surface Initial [α-pinene]a 1Mb
o SOA mass yieldc

area (µm2 cm−3) (µg m−3) (µg m−3) (%)

100 ppb O3 nucleation 0 290.2± 23.2 62.0± 1.2d 22.6± 1.9
100 ppb O3 low AS 1130 280.5± 22.4 63.0± 0.8d 23.3± 1.9
100 ppb O3 high AS 2700 238.7± 19.1 50.6± 1.6d 23.3± 1.9
500 ppb O3 nucleation 0 274.4± 21.9 87.3± 0.3e 31.8± 2.5
500 ppb O3 low AS 1300 264.9± 21.2 75.7± 0.6e 28.6± 2.3
500 ppb O3 high AS 2720 236.1± 18.9 66.3± 1.9e 28.1± 2.4

a Concentration of α-pinene injected into the chamber. All the α-pinene reacted in the 500 ppb O3 experiments, but not the 100 ppb O3
experiments. b Uncertainties in the peak SOA mass concentration (1Mo) are calculated from 1 standard deviation of the aerosol
volume as measured by the scanning mobility particle sizer. c SOA mass yields at peak SOA growth are reported. d The SOA mass
concentration is calculated using the density= 1.39 g cm−3 obtained from the 100 ppb O3 nucleation experiment. e The SOA mass
concentration is calculated using the density= 1.37 g cm−3 obtained from the 500 ppb O3 nucleation experiment.

2 Experimental

2.1 Dark α-pinene ozonolysis experiments

Experiments were conducted in the Georgia Tech Envi-
ronmental Chamber (GTEC) facility. Details of the dual-
chamber facility are provided elsewhere (Boyd et al., 2015).
Only one FEP Teflon chamber (volume 13 m3) was used for
the entirety of this study. Before each experiment, the cham-
ber was flushed with dried, purified air for at least 36 h until
the aerosol number concentration was< 30 cm−3. All exper-
iments were conducted under dry conditions (< 5 % RH) at
room temperature (25 ◦C). NOx mixing ratios in these exper-
iments were < 1 ppb. Experimental conditions are summa-
rized in Table 1.

First, 22 ppm of cyclohexane (Sigma Aldrich, ≥ 99.9 %)
was injected into the chamber to act as an OH scavenger
(∼ 440 times the initial α-pinene concentration). Based on
the concentrations of cyclohexane and α-pinene injected into
the chamber, the reaction rate of OH with cyclohexane is
∼ 60 times greater than that with α-pinene. After the cy-
clohexane concentration had stabilized in the chamber for
30 min, a known concentration (∼ 50 ppb in all experiments)
of α-pinene (Sigma Aldrich, > 99 %) was injected into the
chamber, followed by inorganic seed aerosol via atomization
of an aqueous ammonium sulfate (AS) solution (in seeded
experiments). To vary the seed aerosol surface area, different
concentrations of AS solutions were used to generate seed
aerosol particles in the seeded experiments. In the “low-AS”
experiments, a 0.015 M AS solution was used to generate
seed particles, and the resulting initial total AS seed sur-
face area concentration was ∼ 1000 µm2 cm−3. In the “high-
AS” experiments, a 0.05 M AS solution was used to gener-
ate seed aerosol particles, and the resulting initial total AS
seed surface area concentration was ∼ 3000 µm2 cm−3. In
selected experiments, no seed aerosol particles were intro-
duced into the chamber and SOA was formed via nucleation.
After the seed aerosol concentration in the chamber stabi-

lized, O3 (100 or 500 ppb), which was generated by passing
purified air into a photochemical cell (Jelight 610), was in-
troduced into the chamber. The start of O3 injection into the
chamber marked the beginning of the reaction (i.e., reaction
time= 0 min). The injected α-pinene : O3 molar ratio was ap-
proximately 1 : 2 and 1 : 10 in the 100 and 500 ppb O3 exper-
iments, respectively. O3 was injected into the chamber for
13.5 and 54.25 min in the 100 and 500 ppb O3 experiments,
respectively, to achieve the desired O3 concentrations. Ap-
proximately 11 and 98 % of the initial α-pinene had reacted
when O3 injection was completed in the 100 and 500 ppb O3
experiments, respectively. In the GTEC chamber, α-pinene
closest to the O3 injection port likely reacted first in the α-
pinene ozonolysis experiments. The O3 injection times were
established in separate experiments in which only O3 was in-
jected into the chamber. Based on the O3 time series traces
in the O3-only experiments, the O3 mixing timescale was es-
timated to be ∼ 12 min for all experiments.

The α-pinene and O3 concentrations were measured by a
gas chromatograph–flame ionization detector (GC-FID, Ag-
ilent 7890A) and O3 monitor (Teledyne T400), respectively.
GC-FID measurements were taken 12 min apart. A high-
resolution time-of-flight aerosol mass spectrometer (HR-
ToF-AMS, Aerodyne Research Inc.) was used to measure the
aerosol elemental composition (DeCarlo et al., 2006; Cana-
garatna et al., 2015). Details on the operation of the HR-ToF-
AMS and its data analysis are described elsewhere (Cana-
garatna et al., 2015). Aerosol size distributions, number and
volume concentrations were measured by a scanning mobil-
ity particle sizer (SMPS, TSI), which consists of a differential
mobility analyzer (DMA, TSI 3081) and a condensation par-
ticle counter (CPC, TSI 3775). For nucleation and low-AS
experiments, the measured aerosol size range was set to 14
to 686 nm diameter. For high-AS experiments, the measured
aerosol size range was set to 17 to 983 nm. Prior checks were
made to confirm that no particles larger than 686 nm were de-
tected in the nucleation and low-AS experiments. The SOA
mass concentrations reported in this study were measured us-
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ing the SMPS. The SOA density was calculated from the ra-
tio of the aerosol size distributions measured by the HR-ToF-
AMS and the SMPS during nucleation experiments (DeCarlo
et al., 2004; Bahreini et al., 2005).

2.2 Particle wall deposition correction

Particle wall deposition needs to be accounted for to deter-
mine the SOA mass concentration in the chamber. Two lim-
iting assumptions have traditionally been made regarding in-
teractions between particles deposited on the chamber walls
and suspended vapors when accounting for particle wall loss
in the computation of SOA mass yields (Weitkamp et al.,
2007; Hildebrandt et al., 2009; Loza et al., 2012; Zhang et
al., 2014). The first case assumes that particles deposited on
the walls cease to interact with suspended vapors, and there-
fore the SOA mass present on these deposited particles does
not change after deposition (Loza et al., 2012; Zhang et al.,
2014). Adding the SOA mass present on these deposited par-
ticles to that present on the suspended particles provides a
lower bound of the total SOA mass concentration. In the sec-
ond case, it is assumed that particles deposited on the walls
continue to interact with suspended vapors as if these par-
ticles had remained suspended, and therefore the SOA mass
present on these deposited particles increases at the same rate
as those suspended (Hildebrandt et al., 2009; Weitkamp et al.,
2007). Thus, this case provides an upper bound of the total
SOA mass concentration due to the additional uptake of sus-
pended vapors to wall-deposited particles. However, it must
be kept in mind that the calculated SOA mass concentration
can be underestimated even in the upper bound case since
the calculation accounts neither for differences in the vapor–
particle and vapor–wall interaction and transport timescales
nor for the significantly larger amount of absorbing mass of
the chamber walls (relative to the deposited particles) for
suspended vapors (McVay et al., 2014, 2016; Zhang et al.,
2014).

In this study, we calculate SOA mass yields using the
lower bound of the total SOA mass concentration obtained
from SMPS measurements, which has been described in de-
tail previously (Loza et al., 2012), and will be reviewed
briefly here. For each particle size bin i at each time incre-
ment 1t , the particle number distribution deposited on the
wall (nw,i,j ) is

nw,i,j = ns,i,j × (1− exp(−βi1t)), (1)

where ns,i,j is the suspended particle number distribution in
particle size bin i at time step j ,1t is the difference between
time step j and time step j + 1, and βi is the size-dependent
first-order exponential wall loss rate obtained from seed-only
experiments. As we describe subsequently, βi may be mea-
sured directly during seed-only experiments or may be cor-
rected for the influence of coagulation using a particle dy-
namics model. The particle wall-loss-corrected number dis-
tribution (ntotal,i,j ) is obtained from the sum of the particle

number distribution of deposited particles (nw,i,j ) and sus-
pended particles (ns,i,j ):

ntotal,i,j = ns,i,j + nw,i,j . (2)

Assuming spherical particles, the particle wall-loss-corrected
volume concentration (Vtotal,j ) is

Vtotal,j =

m∑
i=1

ntotal,i,j

Dp,i ln10
× (Dp,i+−Dp,i−)×

π

6
D3

p,i, (3)

wherem is the number of particle size bins,Dp,i+ andDp,i−
are the upper and lower limits for size bin i, respectively, and
Dp,i is the median particle diameter for size bin i. The term
Dp,i ln10 is needed to convert from a lognormal distribution.
Figures S1–S4 and Table S1 in the Supplement show results
from the particle wall loss correction. To calculate the SOA
mass concentration (1Mo,j ), the SOA density (ρorg) is mul-
tiplied by the difference of the particle wall-loss-corrected
volume concentration (Vtotal,j ) and the initial seed volume
concentration (Vseed):

1Mo,j = ρorg× (Vtotal,j −Vseed). (4)

The measured densities of the α-pinene SOA are 1.39 and
1.37 g cm−3 for the 100 and 500 ppb O3 experiments, respec-
tively, and are within the range (i.e., 1.19 to 1.52 g cm−3) re-
ported in previous α-pinene ozonolysis studies (Bahreini et
al., 2005; Kostenidou et al., 2007; Song et al., 2007; Shilling
et al., 2009).

3 Vapor–particle dynamics model

A coupled vapor–particle dynamics model is used to evalu-
ate the influence of seed aerosol surface area and oxidation
rate on SOA formation in the α-pinene ozonolysis chamber
experiments. This model is similar to that used in McVay
et al. (2014), and will be briefly described here. Parameters
from the experimental data (temperature, pressure, initial α-
pinene concentration) are used as model inputs. The initial
size distribution is set to that measured by the SMPS, with
the exception of the two nucleation experiments. Because nu-
cleation is not explicitly simulated, an approximation is used
in which the smallest diameter bin is initialized with the total
number of particles measured at the end of the experiment
(see Table S1). In each simulation, the decay of α-pinene,
the consumption of O3, the SOA mass concentration, and the
SOA mass yield are calculated throughout the duration of the
experiment. We assume a linear injection rate of O3 based on
the time required to inject the desired O3 concentration. For
example, O3 is injected at a rate of 500/54.25 ppb min−1 for
the first 54.25 min during the 500 ppb O3 experiments. O3
simultaneously decays by reaction with α-pinene at a rate
constant of 9.4× 10−17 cm3 molec.−1 s−1 (Saunders et al.,
2003). Modeled O3 and α-pinene concentrations are com-
pared with observed concentrations in Fig. S5. The good fit
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of modeled and observed O3 and α-pinene concentrations
indicates that our representation of O3 is appropriate. The
O3+α-pinene reaction is assumed to occur in a well-mixed
chamber and produces five classes of first-generation prod-
ucts, which are grouped according to mass saturation con-
centrations, similar to the volatility basis set (VBS; Donahue
et al., 2006):> 103 (assumed to be completely volatile), 102,
10, 1 and 0.1 µg m−3. Branching ratios between these prod-
ucts are optimized to fit the experimental data. These branch-
ing ratios cannot be compared directly to previously reported
VBS parameters for α-pinene ozonolysis (e.g., Henry et al.,
2012) since VBS parameters are typically mass-based, while
the branching ratios in the model are mole-based. Further-
more, the branching ratios here account for the influence of
vapor wall deposition, while typical VBS parameters do not.
We assume that these five classes of products have molec-
ular weights 168, 184, 192, 200 and 216 g mol−1 based on
the group contribution method (Donahue et al., 2011). The
first-generation products are assumed not to undergo further
reaction with O3 upon formation.

The aerosol dynamics in the chamber obey the aerosol
general dynamic equation (Seinfeld and Pandis, 2006):(
∂n
(
Dp, t

)
∂t

)
=

(
∂n
(
Dp, t

)
∂t

)
coag

+

(
∂n
(
Dp, t

)
∂t

)
cond/evap

+

(
∂n
(
Dp, t

)
∂t

)
wall loss

. (5)

Coagulation is not considered in the present model; we ad-
dress the potential impact of coagulation later in the paper.
The change in particle number distribution due to particle
wall loss is(
∂n
(
Dp, t

)
∂t

)
wall loss

=−βj
(
Dp
)
n(Dpt), (6)

where, as noted in Sect. 2.2, βj (Dp) is the size-dependent
first-order wall loss rate coefficient obtained from fitting
seed-only experiments. The rate at which vapor condenses
onto a spherical aerosol particle is:

Ji = 2πDpDi(Gi −G
eq
i )FFS (7)

where Gi is the concentration of gas-phase species i, Geq
i

is the saturation concentration of gas-phase species i, Di
is the gas-phase molecular diffusivity (assumed to be 3×
10−6 m2 s−1; McVay et al., 2014), and FFS is the Fuchs–
Sutugin correction for non-continuum gas-phase diffusion:

FFS =
0.75αp(1+Kn)

Kn2+Kn+ 0.283Knαp+ 0.75αp
(8)

where αp is the vapor–particle mass accommodation coeffi-
cient and Kn is the Knudsen number, Kn= 2λAB/Dp. The
vapor–particle mass accommodation coefficient accounts for

any resistance to vapor molecule uptake at the particle sur-
face (e.g., surface accommodation and particle-phase diffu-
sion limitations). λAB is the mean free path of the gas-phase
species, which is

λAB = 3Di ×

√
πMi

8RT
, (9)

where R is the ideal gas constant, T is the temperature, and
Mi is the molecular weight of diffusing gas-phase molecule
i. For each particle size bin, Eqs. (7)–(9) are used to compute
the flux of each gas-phase species to and from an aerosol
particle, scaled by the particle number concentration in the
size bin. The net rate of change for each gas-phase species
due to evaporation or condensation is obtained from the total
flux summed over all the particle size bins.
G

eq
i varies for each particle size bin because it depends on

the mass concentration of species i and the total organic mass
concentration in the size bin:

G
eq
i =

AiC
∗

i∑
k

Ak +Minit
, (10)

where Ai is the concentration of species i in the particle
phase,C∗i is the saturation concentration of species i,

∑
k

Ak is

the sum of all the species concentration in the particle phase,
and Minit is the mass concentration of any absorbing organic
material initially present in the seed aerosol. To avoid nu-
merical errors in Eq. (10) at the first time step, Minit is set to
0.01 µg m−3.

The oxidation products of α-pinene ozonolysis are as-
sumed to be subject to vapor wall deposition, which is sim-
ulated using a first-order wall loss coefficient (McMurry and
Grosjean, 1985):

kwall,on =

(
A

V

) αwallc̄
4

1+ π
2

(
αwallc̄

4
√
keDi

) , (11)

where A/V is the surface area-to-volume ratio of the cham-
ber (estimated to be 2.5 m−1), αwall is the vapor–wall mass
accommodation coefficient, and ke is the eddy diffusion co-
efficient that describes mixing conditions in the chamber.
Based on the measured size-dependent particle wall loss rates
(method is described in Zhang et al., 2014), ke is estimated
to be 0.03 s−1 for the GTEC chamber. Vapor wall deposition
is assumed to be reversible, and the rate constant of vapor
desorption from the chamber walls is

kwall,off =
kwall,on

KwCw
= kwall,on

(
C∗i Mwγw

CwMpγp

)
, (12)

where Cw is the equivalent organic mass concentration in
the wall (designated to treat gas–wall partitioning in terms of
gas–particle partitioning theory and not necessarily represen-
tative of a physical layer of organic concentration on the wall;
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Matsunaga and Ziemann, 2010), Kw is the gas–wall parti-
tioning coefficient, Mw is the effective molecular weight of
the wall material, γw is the activity coefficient of the species
in the wall layer, Mp is the average molecular weight of or-
ganic species in the particle, and γp is the activity coefficient
of the species in the particle. For simplicity, we assume that
Mw =Mp and γw = γp.Cw is set to 10 mg m−3 based on pre-
vious inferences by Matsunaga and Ziemann (2010). Sensi-
tivity studies (not shown) show no change in model predic-
tions when varying Cw above Cw = 0.1 mg m−3.

In the initial version of the model, after all the α-pinene
is consumed, vapor wall deposition was assumed to continue
to deplete the gas-phase oxidation products and aerosol mass
evaporates to maintain gas–particle equilibrium. SOA evap-
oration was not observed experimentally (i.e., the SOA mass
concentration does not decrease significantly over time after
peak SOA growth has been achieved in these chamber ex-
periments; Fig. 2). In order to represent these observations in
the model, a first-order, particle-phase reaction is introduced
by which aerosol species are converted into non-volatile ab-
sorbing organic mass with a timescale of τolig. This mecha-
nism (which is not included in the model used in McVay et
al., 2014) is similar to that used by the sequential equilibrium
partitioning model, in which aerosol is converted from an ab-
sorbing to non-absorbing, non-volatile phase in order to ex-
plain the inhibited diffusion and evaporation observed in α-
pinene ozonolysis SOA (Cappa and Wilson, 2011). Although
we assume here that the converted non-volatile aerosol mass
still participates in partitioning, either mechanism invokes a
particle-phase process to retard SOA evaporation.

In order to determine the parameters for αw, αp, τolig and
the branching ratios between the oxidation products that pro-
vide the best fit to measured SOA data, the parameter space
was discretized and all possible combinations of parameters
were simulated, following Karnezi et al. (2014). In order to
restrict the number of combinations required, only parame-
ter values judged to be physically realistic were chosen. Be-
cause the branching ratios in this model are mole-based, they
must sum to one; therefore only combinations of parameters
summing to one were allowed. The discretization is shown
in Table S2 and results in roughly 10 000 different combina-
tions of parameters. All six experiments were simulated with
each parameter combination, and simulations were run using
GNU parallel (Tange, 2011). For each combination of pa-
rameters, the percentage error was calculated from Eq. (10)
of Karnezi et al. (2014):

Ei =
100
n

√√√√ n∑
i

(Moai,guess−Moai,meas)2, (13)

where Moai,guess is the model-predicted SOA mass concen-
tration at a particular time step i for one of the experiments,
Moai,meas is the measured SOA mass concentration at a par-
ticular time step i for one of the experiments, and n is the
number of time steps summed over all experiments. The

best-fit combination of parameters is defined as the combi-
nation of parameters with the lowest percentage error. This
lowest-error combination of parameters was compared to the
“best-estimate” parameters determined from the inverse error
weighting factor of Karnezi et al. (2014):

x̄ =

N∑
j

[
xj

1
Ej

]
N∑
j

1
Ej

, (14)

where xj is a value of one of the parameters (αw, αp, τolig
or a branching ratio between the oxidation products), with N
different possible combinations of parameters, and Ej is the
percent error for that particular combination of parameters.
The lowest-error combination of parameters and the Karnezi
et al. (2014) best-estimate parameters are both reported, but
the lowest-error combination of parameters resulted in a
lower percentage error than the Karnezi et al. (2014) best-
estimate parameters. The lowest-error combination of pa-
rameters is used for the modeling analysis (Table 2).

4 Results

Red and blue solid lines in Fig. 1 shows the size-dependent
particle wall deposition coefficients measured in the low AS-
seed-only and high AS-seed-only deposition experiments. In
these measurements, we assume that the number concentra-
tion is low enough such that the effect of coagulation is small
and only particle wall deposition affects the particle size dis-
tribution, thus allowing for the direct measurement of size-
dependent particle wall deposition coefficients. The initial
total AS seed surface area concentration in the low AS-seed-
only and high AS-seed-only experiments (which are con-
ducted using 0.015 and 0.05 M AS solutions, respectively)
are similar to those used in the α-pinene ozonolysis experi-
ments (i.e., ∼ 1000 and ∼ 3000 µm2 cm−3, respectively). As
shown in Fig. 1, the measured particle wall deposition coeffi-
cients from the low AS-seed-only and high AS-seed-only ex-
periments generally fall within the range of those measured
in routine monthly AS-seed-only experiments conducted in
the chamber. Figure 1 also shows the size-dependent particle
wall deposition coefficients corrected for coagulation, shown
using dashed lines, which are obtained as described in Pierce
et al. (2008) using the data from the low AS-seed-only and
high AS-seed-only experiments. A comprehensive descrip-
tion of the relationship between coagulation and particle wall
deposition will be provided in a forthcoming publication.
Briefly, as described in Pierce et al. (2008), the coagulation-
corrected particle wall loss coefficients are determined by
simulating the decay of the initial size distribution due to
coagulation and then attributing the difference in this decay
and the observed decay to particle wall loss. For both the
measured and coagulation-corrected particle wall deposition
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Figure 1. Particle wall deposition coefficients (βi) measured dur-
ing the low AS-seed-only and high AS-seed-only experiments in
GTEC. Also shown are the particle wall deposition coefficients (la-
beled “Other”) measured in previous routine monthly AS-seed-only
experiments in the chamber. These previous routine monthly AS-
seed-only experiments were performed using either a 0.008 M AS
or a 0.1 M AS solution. Coagulation-corrected particle wall deposi-
tion coefficients (see Pierce et al., 2008, and main text for details)
are also shown, using dashed lines.

coefficients, the minimum coefficient for the low AS-seed-
only experiment is different from that of the high AS-seed-
only experiments. The cause of this difference is currently
under investigation but may be due in part to uncertainties
arising from the low particle number concentrations for the
larger particles in the low AS-seed-only experiment. To study
how coagulation can potentially affect SOA mass yields in
this study, both the measured and coagulation-corrected size-
dependent particle wall deposition coefficients are used to
correct for particle wall deposition in the α-pinene ozonoly-
sis experiments.

Assuming that the effect of coagulation is small, the par-
ticle wall-deposition-corrected number concentration data
provide a test of the appropriateness of the particle wall depo-
sition correction. The corrected number concentration should
level off at a constant value (i.e., the initial particle number
concentration), assuming no significant coagulation, when
particle wall deposition is properly accounted for since the
wall-deposited particle number distribution is added to the
suspended particle number distribution during particle wall
loss correction. Neglecting coagulation, we account for par-
ticle wall deposition in nucleation and low-AS experiments
using deposition coefficients measured from the low AS-
seed-only experiments, while particle deposition in high-AS
experiments are accounted for using coefficients measured
from the high AS-seed-only experiments. Figures S1 and S2
show the particle wall deposition-corrected aerosol number
and volume concentrations. Over all experiments, the parti-
cle wall deposition-corrected final particle number concen-
tration (i.e., at the end of the reaction) is 9 to 17 % less

than the initial particle number concentration for the low-AS
and high-AS experiments (Table S1), respectively, indicating
that the particle wall deposition-corrected volume concen-
trations are slightly underestimated. The fact that the parti-
cle wall deposition-corrected final particle number concen-
trations are somewhat smaller than the initial particle num-
ber concentrations may be due to variations in particle wall
deposition rates in the AS-seed-only and α-pinene ozonol-
ysis experiments or to coagulation. To first examine varia-
tions in particle wall deposition rates, we used the average
of the measured low AS-seed-only and high AS-seed-only
particle wall deposition coefficients to account for particle
wall deposition in all the experiments (Figs. S3 and S4).
While there is a negligible difference in the particle wall-
deposition-corrected volume concentrations (Figs. S3 and S4
vs. Figs. S1 and S2), a larger spread (1 to 22 %) exists in
the difference between the initial and final particle number
concentrations when the average measured particle wall de-
position coefficients are used (Table S1). Therefore, all sub-
sequent nucleation and low-AS data presented here are par-
ticle wall deposition-corrected using coefficients measured
from the low AS-seed-only experiments, and all high-AS
data are corrected using particle wall deposition coefficients
measured from the high AS-seed-only experiments. We fur-
thermore conclude that variations in particle wall deposition
rates do not cause the decrease in the particle wall deposition-
corrected final number concentration, which is most likely
due to coagulation. Thus, the SOA data are also corrected
using the coagulation-corrected particle wall deposition co-
efficients (discussed below). We show subsequently the rela-
tively minor difference that correcting for coagulation has on
overall SOA mass yields. Therefore, we use SOA concentra-
tions corrected using the measured particle wall deposition
coefficients for the bulk of the analysis in this study.

Figure 2 shows the reaction profiles of the α-pinene
ozonolysis experiments. SOA growth typically starts within
10 to 20 min of the start of the reaction. At either O3 concen-
tration, the molar ratio of O3 reacted to α-pinene reacted is
approximately 1 : 1 (i.e., 50 ppb α-pinene reacted with 50 ppb
O3), which indicates that O3 reacts only with α-pinene and
not its oxidation products. As anticipated, the α-pinene oxi-
dation rates in the 100 ppb O3 experiments are significantly
slower than those in the 500 ppb O3 experiments. Figure 2a–
c show that peak SOA levels are typically reached at reaction
time∼ 300 to 350 min in the 100 ppb O3 experiments, during
which ≥ 95 % of the injected α-pinene has reacted. In con-
trast, all the α-pinene reacts within 80 to 90 min of the start
of reaction in the 500 ppb O3 experiments, and peak SOA
levels are achieved at reaction time ∼ 100 min (Fig. 2d–f).
These results indicate that the O3 concentration dictates both
the rate of α-pinene oxidation and the time it takes to achieve
peak SOA growth.

Figure 3 shows the time-dependent growth curves (SOA
mass concentration vs. α-pinene reacted; Ng et al., 2006) for
the 100 and 500 ppb O3 experiments. Only SOA growth data
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Figure 2. Reaction profiles of the α-pinene ozonolysis experiments. Panels (a, b, c) show results from the nucleation, low-AS and high-
AS 100 ppb O3 experiments, respectively. Panels (d, e, f) show results from the nucleation, low-AS and high-AS 500 ppb O3 experiments,
respectively. As explained in the main text, the SOA mass concentrations (1Mo) for the nucleation and low-AS experiments are obtained
using the particle wall deposition rates obtained from the low AS-seed-only experiments, while the SOA mass concentrations (1Mo) for the
high-AS-seed experiments are obtained using the particle wall deposition rates obtained from the high AS-seed-only experiments.

up to SOA peak concentrations are shown. SOA growth es-
sentially stops once all the α-pinene has reacted. This is ex-
pected, as α-pinene has only one double bond; the first step of
α-pinene ozonolysis is rate-limiting and the first-generation
products are condensable (Ng et al., 2006; Chan et al., 2007).
The time-dependent SOA growth curves for experiments cor-
responding to different seed aerosol concentrations overlap
for both low and high O3 concentrations. This indicates that
the initial AS seed surface area does not influence the SOA
growth rate within the range of AS seed surface area concen-
tration used. It is important to note that while it appears that
the SOA growth rate is faster in the 100 ppb O3 relative to the
500 ppb O3 experiments based on the time-dependent growth
curves shown in Fig. 3, this is not the case. Instead, the ob-
served time-dependent growth curves can be explained by the
higher concentration of α-pinene having reacted during the
10 to 20 min delay of SOA formation in the 500 ppb O3 ex-
periments compared to the 100 ppb O3 experiments (Fig. 2).

Figure 4 shows the time-dependent SOA mass yields as a
function of initial total AS seed surface area for the 100 and
500 ppb O3 experiments. Regardless of the O3 concentration,
the SOA mass yields stay roughly constant despite the in-
crease in AS seed surface area. This indicates that the surface

area concentration of AS seed aerosol does not noticeably
influence the partitioning of gas-phase α-pinene ozonolysis
products to the particle phase within the range of AS seed
surface area concentration used. Higher SOA mass yields are
observed in the 500 ppb O3 experiments, which indicates that
the α-pinene oxidation rate controls the absolute amount of
SOA formed. It is important to note that these conclusions are
robust even when the average of the measured low AS-seed-
only and high AS-seed-only particle wall loss coefficients is
used to account for particle wall loss in all the experiments
(Fig. S6). The enhancement of SOA mass yields at higher O3
concentrations and the lack of a SOA mass yield dependence
on AS seed surface area (within the range of AS seed sur-
face area concentration used in this study) will be discussed
further in Sect. 5.

The α-pinene ozonolysis SOA mass yields obtained in this
study are compared to those reported in previous studies in
Fig. 5. Table S3 lists the experimental conditions employed
in these studies. To facilitate comparison between the differ-
ent studies, all the SOA mass yield and concentration data
(including this study) are adjusted to an organic density of
1.0 g cm−3. As shown in Fig. 5, the SOA mass yields ob-
tained at peak SOA growth in this study are generally con-
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Figure 3. Time-dependent SOA growth curves for α-pinene ozonol-
ysis. Panels (a, b) show 10 min averaged results from the 100 and
500 ppb O3 experiments, respectively. Only SOA growth data up to
the point of SOA peak growth are shown.

sistent with those of previous studies where the chamber was
operated in batch mode (that in this study).

To investigate the influence of coagulation on the SOA
mass yields, the coagulation-corrected size-dependent par-
ticle wall deposition coefficients are also used to cor-
rect for particle wall deposition in the α-pinene ozonol-
ysis experiments. Specifically, all nucleation and low-AS
data are particle wall deposition-corrected using coagulation-
corrected coefficients derived from the low AS-seed-only
experiments, and all high-AS data are corrected using
coagulation-corrected particle wall deposition coefficients
derived from the high AS-seed-only experiments. Figure S7
shows the time-dependent SOA mass yields (obtained using
the coagulation-corrected and measured particle wall depo-
sition coefficients) as a function of initial total AS seed sur-
face area. SOA mass yields obtained using the coagulation-
corrected particle wall deposition coefficients are < 2 % (ab-
solute values) higher than those using the measured particle
wall deposition coefficients. Similar to the SOA mass yields
obtained using the measured particle wall deposition coef-
ficients (Figs. 4, S7c and d), SOA mass yields obtained us-
ing the coagulation-corrected particle wall deposition coeffi-
cients stay roughly constant despite the increase in AS seed
surface area for both O3 concentrations, and the SOA mass
yields are higher in the 500 ppb O3 experiments (Fig. S7a and
b). The mass yields obtained at peak SOA growth are also
generally consistent with those of previous studies (Fig. S8).
Taken together, this suggests that the effect of coagulation on
the SOA mass yields is likely minor for the aerosol concen-
trations used in this study. Therefore, only data that have been

Figure 4. Ten-minute-averaged SOA mass yields over the course of
an α-pinene ozonolysis experiment as a function of initial total AS
seed surface area concentration for the (a) 100 ppb O3 experiments,
and (b) 500 ppb O3 experiments. Symbol color indicates the SOA
mass concentration and symbol size indicates the time after O3 is
injected into the chamber. The × symbols are the SOA mass yields
at peak SOA growth obtained from the experimental data. The y-
axis error bars represent the uncertainty in the SOA mass yield at
peak SOA growth, which originates from the α-pinene injection and
the aerosol volume concentration measured by the SMPS at peak
SOA growth (1 standard deviation).

particle wall deposition-corrected using coefficients mea-
sured in the low AS-seed-only and high AS-seed-only ex-
periments are fitted to determine model parameters for the
vapor–particle dynamics model described in Sect. 3.

As noted earlier, optimal model values for αp, αw, τolig
and the branching ratios between the oxidation products were
determined by calculating the error between the observed
and modeled time-dependent SOA concentrations for all pos-
sible combinations of model parameters. The combination
of parameters with the lowest percent error is αw = 10−6,
αp = 0.1, τolig = 4 h, with branching ratios= 0.6, 0.3, 0.05,
0.05 and 0 for oxidation products with vapor pressures> 103,
102, 10, 1 and 0.1 µg m−3, respectively. This combination
of parameters results in a percent error of 21 % (Table S4).
It is important to note that predictions using αp = 0.1 or
1 resulted in very similar errors; with the same combina-
tion of parameters and αp = 1, the percent error only in-
creased to 22 %. The best-estimate parameters determined
following the Karnezi et al. (2014) method are as follows:
αw = 3.6× 10−6, αp = 0.35, τolig = 6 h, with branching ra-
tios= 0.66, 0.16, 0.06, 0.06, and 0.06 for oxidation products
with vapor pressures > 103, 102, 10, 1 and 0.1 µg m−3, re-
spectively. This combination of parameters results in an error

www.atmos-chem-phys.net/16/9361/2016/ Atmos. Chem. Phys., 16, 9361–9379, 2016



9370 T. Nah et al.: Influence of seed aerosol surface area and oxidation rate on SOA formation

Figure 5. Comparison of SOA mass yields obtained in this study to
those of previous dark α-pinene ozonolysis studies (Table S3). The
SOA mass yields and concentrations of majority of these previous
studies (Hoffmann et al., 1997; Griffin et al., 1999; Cocker et al.,
2001b; Gao et al., 2004; Presto et al., 2005; Presto and Donahue,
2006; Pathak et al., 2007b; Song et al., 2007) were previously com-
piled by Shilling et al. (2008). Similar to Shilling et al. (2008), all
the data shown here (including those reported in this study) have
been adjusted using an organic density of 1.0 g cm−3, and to 298 K
using a temperature correction of 1.6 % K−1, as recommended by
Pathak et al. (2007b) to facilitate easier comparison among the dif-
ferent studies.

of 37 % (Table S4). Model predictions using both sets of pa-
rameters are compared to measured SOA concentrations in
Fig. S9. The lowest-error parameters are used for the anal-
ysis in the remainder of this study (Table 2). The best-fit
αw = 10−6 corresponds to a first-order vapor wall deposition
rate constant (kwall,on) of 10−4 s−1. A wide range of vapor
wall loss rates has been reported (Fig. 3 of Krechmer et al.,
2016). This kwall,on value is comparable to that reported by
Matsunaga and Ziemann (2010) for an 8.2 m3 chamber but
significantly faster than wall loss rates that have been mea-
sured in the Caltech chamber (Zhang et al., 2015a). The rea-
son for this wide range of reported vapor wall loss rates is
currently uncertain and outside the scope of this study.

5 Discussion

α-pinene ozonolysis has been carried out at two O3 mixing
ratios (100 and 500 ppb) under varying AS seed aerosol sur-
face area concentrations (0, ∼ 1000 and ∼ 3000 µm2 cm−3).

5.1 Seed aerosol surface area effect

Figure 3 shows that the time-dependent SOA growth curves
for experiments with different seed area concentrations over-
lap at both O3 concentrations, which indicates the AS seed
surface area does not affect the rate of SOA growth within
the range of AS seed surface area concentration used in this
study. This observation differs from findings by Pathak et
al. (2007b) for the O3+α-pinene system, who showed that
even though the final SOA mass yields measured in the re-
action of 7.3 ppb α-pinene with 1500 ppb O3 were simi-
lar in their seeded and unseeded experiments, SOA growth
was considerably slower in unseeded experiments compared

to seeded experiments. The authors suggested that the slow
SOA formation rate in their unseeded experiment was the re-
sult of SOA formation being limited by the mass transfer of
semi-volatile oxidation products to newly formed particles
(via nucleation) during the early stages of the experiment.
These newly formed particles have a significantly smaller
aerosol surface area for gas–particle partitioning as com-
pared to that of seed aerosol particles in the seeded exper-
iments. Consequently, the semi-volatile oxidation products
accumulated in the gas phase during the early stages of the
unseeded experiments, resulting in slower SOA growth com-
pared to the seeded experiments. The observation that the
presence of seed aerosol does not influence the SOA growth
rate in the present study may be explained by the relatively
high concentrations of α-pinene reacted and SOA mass load-
ings obtained. Previous studies have shown that the delay be-
tween the onset of VOC oxidation and SOA formation in un-
seeded experiments is most pronounced at low aerosol load-
ings (Kroll et al., 2007). We note that the concentrations of
α-pinene reacted and SOA mass loadings obtained in this
study are significantly larger than those reported by Pathak et
al. (2007b). Therefore, it is possible that, due to the relatively
large concentrations of α-pinene reacted in this study, sub-
stantial concentrations of gas-phase oxidation products are
generated, which results in rapid partitioning into the par-
ticle phase even in the absence of seed aerosol. This is evi-
dent from the large increase in the particle number concentra-
tion during the early stages of the unseeded 100 and 500 ppb
O3 experiments, where the particle number concentration in-
creased to ∼ 8000 and ∼ 10 000 particles cm−3 during the
first 45 min of the 100 and 500 ppb O3 experiments, respec-
tively (Figs. S1a and S2a). Thus, the SOA growth rates are
not controlled by the presence of AS seed in this study.

Figure 4 shows that, for both O3 mixing ratios used, the
time-dependent SOA mass yield is similar at any given AS
seed surface area (see also Table 1). The absence of a SOA
growth dependence on the AS seed surface area is simi-
lar to observations reported by McVay et al. (2016) for the
α-pinene photooxidation (OH-driven chemistry) system but
differs from those reported by Zhang et al. (2014) for the
toluene photooxidation system in which the SOA mass yield
increased with the surface area concentration of seed aerosol.

The best-fit αp = 0.1 (or αp = 1, with almost the same
percentage error) suggests the absence of significant lim-
itations to vapor-particle mass transfer in the present α-
pinene ozonolysis study, and that SOA formation is gov-
erned by quasi-equilibrium growth (Saleh et al., 2013; Mc-
Vay et al., 2014), which occurs when SOA-forming vapors
are produced at a rate that is significantly slower than that
required to establish gas–particle equilibrium (Shiraiwa and
Seinfeld, 2012; Zhang et al., 2012). Moreover, the charac-
teristic timescale to establish gas–particle equilibrium is less
than those for reaction and vapor wall deposition. When the
vapor and particle phases maintain equilibrium, gas–particle
equilibrium is controlled by the amount of organic matter
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in the VOC system. As a result, the rate of condensation
of SOA-forming vapors is independent of the seed aerosol
surface area (McVay et al., 2014). The best-fit αp = 0.1 is
within the range of αp coefficients determined from α-pinene
ozonolysis SOA thermodenuder studies (αp = 0.1) (Saleh et
al., 2013; Saha and Grieshop, 2016) and α-pinene photooxi-
dation chamber studies (αp = 0.1 or 1) (McVay et al., 2016).
Notably, this result differs markedly from that for toluene
photooxidation (Zhang et al., 2014), where αp was deter-
mined to be 0.001, and for which, since the SOA mass yield
was strongly dependent on the seed aerosol surface area, the
condensation of SOA-forming vapors onto seed aerosol par-
ticles was kinetically limited (McVay et al., 2014). Kinet-
ically limited SOA growth occurs when the timescale for
gas–particle equilibrium is competitive with or exceeds the
timescale for reaction and vapor wall deposition and may
reflect imperfect accommodation of gas-phase organics to
the particle phase. The markedly different behavior of the α-
pinene and toluene SOA systems could be due to differences
in SOA volatility and aerosol physical phase state (McVay et
al., 2016).

5.2 Oxidation rate effect

At higher O3 concentrations, the α-pinene oxidation rate in-
creases, leading to higher SOA mass yields (the “oxidation
rate” effect). This behavior was previously observed by Ng et
al. (2007) for them-xylene photooxidation system, for which
the oxidation rate effect was attributed to the loss of semi-
volatile condensable products to chamber walls in competi-
tion with condensation onto seed particles to form SOA.

SOA formation from α-pinene ozonolysis is presumed
to be driven by a range of semi- and low-volatility first-
generation products arising from reaction of O3 with the sin-
gle C=C double bond (Ng et al., 2006). These products are
subject to two competing routes: condensation to particles to
form SOA or deposition on the chamber walls. Each pro-
cess can be represented in terms of a first-order rate con-
stant: kwall,on and kparticle,on (s−1). The rate of vapor wall
deposition of condensable species A is then kwall,on×[A]

(molec cm−3 s−1) and the rate of condensation onto parti-
cles is kparticle,on×[A] (molec cm−3 s−1). Increasing the rate
of reaction increases the concentration of [A], but the rel-
ative rates of vapor wall deposition and condensation onto
particles will remain the same. In general, however, both va-
por wall deposition and vapor particle condensation are re-
versible processes (McVay et al., 2014; Zhang et al., 2014).
The first-order rate constant for evaporation from the wall
can be represented as (Matsunaga and Ziemann, 2010)

kwall,off = kwall,on(
C∗i

Cw
), (15)

where C∗i is the saturation concentration and Cw is the as-
sumed equivalent wall organic concentration. The rate of

evaporation from particles is

kparticle,off = kparticle,on(
C∗i

Caer
), (16)

where Caer is the organic aerosol concentration (Caer =∑
Ak +Minit).
The difference between Caer and Cw is the key to explain-

ing the oxidation rate effect. At the beginning of the experi-
ment, Caer is very small because the inorganic seeds are es-
sentially non-absorbing. Therefore, kparticle,off is large, and
the net SOA growth is small. In contrast, Cw is considered
to be substantial (on the order of 10 mg m−3) and to be es-
sentially constant throughout the experiment (Matsunaga and
Ziemann, 2010; McVay et al., 2014; Zhang et al., 2014).
Model predictions are insensitive to the value of Cw since,
in any event, Cw is significantly larger than Caer (Zhang et
al., 2014). Therefore, kwall,off is small at the beginning of the
experiment and the net vapor wall loss rate is fast. As Caer in-
creases, the net SOA condensation rate increases relative to
the net vapor wall loss rate. When the reaction rate increases
corresponding to higher O3 concentrations, Caer grows more
quickly because more condensable species are available to
form SOA, and the net condensation rate increases more
rapidly. Therefore, the observed oxidation rate effect is due
to vapor wall deposition, and arises because vapor–particle
partitioning and vapor wall condensation are essentially re-
versible processes. This explanation is consistent with simu-
lations varying the O3 concentration in which all species are
non-volatile (i.e., do not evaporate from the particles or the
wall). In this case, no oxidation rate effect is observed as the
O3 concentration increases. The growth curves for different
O3 concentrations overlap, and the same yield is obtained re-
gardless of O3 concentration (Fig. S10).

Sensitivity tests were performed to determine the point
at which SOA formation is no longer influenced by the O3
concentration. In these simulations, the initial α-pinene con-
centration is fixed at 48 ppb, while the O3 concentration is
varied from 75 to 1000 ppb. The rate of O3 injection is as-
sumed to remain constant as the O3 concentration is in-
creased to mimic the experimental protocol (i.e., O3 injec-
tion time is increased to achieve higher O3 concentrations).
The O3 injection rate used in these simulations is fixed at
500/54.25 ppb min−1, which is the same as that used to ana-
lyze results from the 500 ppb O3 experiments. Model predic-
tions in Fig. S11 show that the maximum SOA mass concen-
tration increases with increasing O3 concentration up to ap-
proximately 500 ppb O3. Beyond this O3 concentration, the
SOA growth curves overlap and the maximum SOA mass
concentration does not increase even when more O3 is added.
This plateau arises due to the lengthening time required to in-
ject increasing amounts of O3. More than 1 h is required to
inject > 500 ppb of O3, and by this time virtually all of the
α-pinene has reacted. Increasing the O3 concentration after
all of the α-pinene has reacted does not lead to any changes
in the SOA mass concentration. However, if a faster injec-
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tion rate of O3 is used, the oxidation rate effect will persist
to higher O3 concentrations (i.e., > 500 ppb O3) (Fig. S12).
With a faster injection rate, 500 ppb O3 is injected before
all of the α-pinene has reacted. Continuing to inject O3 to
a higher concentration (i.e., 750 ppb) will cause α-pinene to
decay faster and SOA to grow faster than when the O3 in-
jection stops at 500 ppb. The oxidation rate effect is then ap-
parent at higher O3 concentrations. If, instead of using an in-
jection rate of O3, simulations are run using fixed initial O3
(not possible experimentally), the rate effect persists to even
higher O3 concentrations. The relative increase in yield with
increasing O3 concentrations slows at very high O3 concen-
trations because the rate of reaction becomes substantially
faster than the vapor wall deposition rate, and there is less
marginal effect to increasing the reaction rate.

It should be noted that while we showed that the observed
oxidation rate effect (i.e., higher SOA mass yields as a result
of faster hydrocarbon oxidation rates) is a consequence of va-
por wall deposition, the possibility that differing peroxy rad-
ical (RO2) chemistry in the 100 and 500 ppb O3 experiments
may play some role in influencing the SOA mass yields can-
not be discounted. RO2 radicals, which are formed from the
decomposition of excited Criegee intermediates (Docherty et
al., 2005), may be produced at faster rates in the 500 ppb
O3 experiments. This may lead to the higher production of
condensable oxidation products from the RO2+RO2 reac-
tion pathway in the 500 ppb O3 experiments (relative to those
formed in the 100 ppb O3 experiments), which may result in
higher SOA mass yields.

5.3 Interplay of the seed aerosol surface area effect and
the oxidation rate effect

In this study, we observe an oxidation rate effect but not a
seed aerosol surface area effect. In Zhang et al. (2014), a
seed aerosol surface area effect was observed, but the vari-
ation of the oxidation rate was not studied. A key aspect of
vapor wall deposition is the potential interplay between the
seed aerosol surface area effect and the oxidation rate effect.
To examine this interplay in the α-pinene ozonolysis system,
simulations were carried out by varying the seed aerosol sur-
face area and the O3 concentration simultaneously, while us-
ing the branching ratios, oligomerization rate, and vapor wall
deposition rate parameters obtained in the present study. The
initial α-pinene concentration was set to 50 ppb, and a fixed
O3 concentration was used in place of a linear injection. αp
was varied at 0.001, 0.01, 0.1, and 1 in these simulations.
Figure 6 shows the SOA mass yield at peak SOA growth
as a function of both the seed aerosol surface area and O3
concentration for αp = 1, 0.1, 0.01, and 0.001. For αp = 1 or
0.1, the oxidation rate dominates: SOA mass yield increases
significantly as O3 concentration increases, while the seed
aerosol surface area has a negligible effect. For αp = 0.01,
both effects can be observed in different regions: at low O3
concentrations and high seed aerosol surface areas, the oxi-

dation rate effect dominates; at low seed aerosol surface areas
and high O3 concentrations, the seed surface area dominates.
At low seed aerosol surface areas and low O3 concentrations,
both effects are present. For αp = 0.001, the seed aerosol sur-
face area effect dominates except at very high seed aerosol
surface areas. These observations show that the presence of
an oxidation rate effect and/or seed aerosol surface area ef-
fect depends on a complex interplay of factors, such as αp,
the rate of hydrocarbon oxidation, and the amount of seed
surface area present.

6 Implications

In this study, we systematically examine the roles of gas–
particle partitioning and VOC oxidation rate in the pres-
ence of vapor wall deposition in α-pinene ozonolysis. We
show that despite the presence of vapor wall deposition, SOA
mass yields at peak SOA growth remain approximately con-
stant regardless of the seed aerosol surface area (within the
range of AS seed surface area concentration used in this
study). This observation is consistent with SOA formation
in the α-pinene ozonolysis system being governed by quasi-
equilibrium growth, for which there are no substantial limita-
tions to vapor-particle mass transfer. This result was demon-
strated in a previous modeling study which showed that in-
creasing the seed-to-chamber surface area ratio will lead to
increased SOA growth only in cases in which the conden-
sation of SOA-forming vapors onto seed aerosol particles is
kinetically limited as a result of imperfect accommodation of
gas-phase organics to the particle phase (McVay et al., 2014).

An important implication of this study is that diverting va-
por wall deposition in chamber studies via the addition of
ever-increasing quantities of seed aerosol particles is not ef-
fective in VOC systems for which SOA formation is gov-
erned by quasi-equilibrium growth. This study also under-
scores the importance of accounting for particle wall de-
position appropriately in chamber studies in order to avoid
erroneous conclusions regarding the role of gas–particle
partitioning (quasi-equilibrium vs. kinetically limited SOA
growth) in influencing vapor wall loss in the VOC system.

We note that the present study shows that the SOA mass
yield is independent of seed aerosol surface area concentra-
tion for values ranging from 0 to ∼ 3000 µm2 cm−3. This
corresponds to a seed-to-chamber surface area ratio of 0 to
∼ 1× 10−3, which is substantially smaller than the range
used by Zhang et al. (2014) to study the influence of vapor
wall deposition on toluene photooxidation SOA formation
in the Caltech chamber (i.e., 0 to ∼ 5× 10−3). It is possi-
ble that a SOA mass yield dependence on the seed surface
area may have become more apparent had a larger range of
seed aerosol surface area (i.e.,> 3000 µm2 cm−3), and hence
a larger range of seed-to-chamber surface area ratio, been
used here. One consideration is that coagulation may become
increasingly important, and will need to be accounted for,
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Figure 6. SOA mass yields at peak SOA growth as a function of
both the seed surface area and O3 concentration for αp = 1, 0.1,
0.01, and 0.001. The SOA mass yields at peak SOA growth are indi-
cated by colors and contours. Note that the color bars for panels (a,
b, c) have different SOA mass yield ranges. Simulations were car-
ried out using the optimal branching ratios, oligomerization rate,
and vapor wall deposition rate parameters obtained in this study.
The initial α-pinene concentration was set to 50 ppb, and a fixed O3
concentration was used in place of a linear injection.

when higher seed aerosol number concentrations (relative to
those used in this study) are used (Seinfeld and Pandis, 2006;
Pierce et al., 2008). A detailed analysis of the effect of seed
aerosol surface area concentrations > 3000 µm2 cm−3 on α-
pinene ozonolysis SOA mass yields will be the subject of
forthcoming work.

Higher SOA mass yields at peak SOA growth are ob-
served in the present study when O3 is increased from 100 to
500 ppb. This is because α-pinene is oxidized more quickly,
which leads to gas-phase oxidation products being formed
more rapidly and consequently partitioning more quickly
onto AS seed aerosol particles before they are lost to the
chamber walls. Therefore, the oxidation rate effect (i.e.,

higher SOA mass yields as a result of faster hydrocarbon
oxidation rates) is a consequence of vapor wall deposition.
An important implication of this study is that SOA mass
yields can be affected by vapor wall deposition in VOC sys-
tems that are not characterized by slow mass accommoda-
tion of gas-phase organics to the particle phase (Zhang et al.,
2014). Thus, this work demonstrates that the effect of va-
por wall deposition on SOA mass yields can be mitigated
through the use of excess oxidant concentrations. It should
be noted that the α-pinene ozonolysis SOA mass yields (ab-
solute values) increased by 5 to 9 % when O3 is increased
from 100 to 500 ppb (for an initial α-pinene concentration
of ∼ 50 ppb), where SOA formation is governed by quasi-
equilibrium growth. In the absence of vapor wall deposition,
SOA mass yields are predicted by the model used here to ap-
proximately double from those observed experimentally. In
contrast, Zhang et al. (2014) showed that the presence of va-
por wall deposition led to underestimation of SOA formation
by factors as much as 4 in the toluene photooxidation sys-
tem, where the condensation of SOA-forming vapors onto
seed aerosol is kinetically limited. Taken together, these re-
sults indicate that the magnitude by which vapor wall deposi-
tion affects SOA mass yields depends on the extent to which
the VOC system is governed by kinetically limited SOA con-
densational growth.

Given these observations of how gas–particle partitioning
can influence the magnitude by which vapor wall deposition
affects SOA mass yields, an overriding question is, what con-
trols the gas–particle partitioning behavior of SOA formed in
different VOC systems? αp describes the overall mass trans-
fer of vapor molecules into the particle phase (McVay et
al., 2014; Zhang et al., 2014). Thus, αp affects the vapor-
particle equilibrium timescale, which, depending on the ex-
tent to which it is competitive with the timescales for reaction
and vapor wall deposition, determines whether SOA forma-
tion is governed by kinetically limited or quasi-equilibrium
growth. Markedly different αpvalues could arise from the
physical phase state of the SOA formed. As discussed by Mc-
Vay et al. (2014, 2016), if the SOA formed exists in a semi-
solid state (Vaden et al., 2010, 2011; Virtanen et al., 2010,
2011; Cappa and Wilson, 2011; Kuwata and Martin, 2012;
Perraud et al., 2012; Saukko et al., 2012; Abramson et al.,
2013; Renbaum-Wolff et al., 2013), a low value of αp might
be expected owing to retarded surface accommodation and
particle-phase diffusion (Zaveri et al., 2014). Quantification
of αp is challenging experimentally, and reported αp values
for the same system can vary by several orders of magnitude
(Grieshop et al., 2007; Stanier et al., 2007; Vaden et al., 2011;
Miles et al., 2012; Saleh et al., 2013; Saha and Grieshop,
2016). Therefore, αp of SOA formed in different VOC sys-
tems needs to be better constrained through a combination of
experimental and modeling efforts.

While not investigated in detail in this study, the timescale
of oligomerization may play an important role depending on
the SOA growth regime (i.e., kinetically limited vs. quasi-
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Table 2. Coupled vapor–particle dynamics model parameters.

Parameter Definition Value

αp Vapor–particle mass accommodation coefficient 0.1
αw Vapor–wall mass accommodation coefficient 10−6

τolig Timescale of oligomerization 4 h
C∗ Branching ratios and saturation concentrations of oxidation products [0.6 (> 103), 0.3(102), 0.05(10), 0.05(1) and 0(0.1)]
Di Gas-phase molecular diffusivity 3× 10−6 m2 s−1

A/V Surface area-to-volume ratio of the chamber 2.5 m−1

Cw Equivalent organic mass concentration in the wall 10 mg m−3

ke Eddy diffusion coefficient 0.03 s−1

Mi Molecular weight of the diffusing gas-phase molecule i 168, 184, 192, 200 and 216 g mol−1

Minit Initially absorbing organic material in seed aerosol 0.01 µg m−3

P Pressure 1× 105 Pa
T Temperature 298 K
ρseed Density of inorganic seed 1700 kg m−3

ρorg Density of organic material on seed particle 1300 kg m−3

equilibrium). Currently, it is unclear how the timescale of
oligomerization in a VOC system where SOA formation
is dominated by quasi-equilibrium growth (e.g., α-pinene
ozonolysis) may differ from one that is dominated by kinet-
ically limited growth (e.g., toluene photooxidation; Zhang
et al., 2014). This requires further investigation through a
combination of experimental and modeling efforts to im-
prove our understanding of how particle-phase processes
(e.g., oligomerization) affect gas–particle partitioning and
consequently influence the magnitude by which vapor wall
deposition affects SOA mass yields.

The SOA mass yield from the ozonolysis of monoter-
penes in the GEOS-CHEM chemical transport model (19 %
at 10 µg m−3) is currently based on that measured in α-
pinene ozonolysis studies by Shilling et al. (2008) (Pye et al.,
2010). Shilling et al. (2008) measured these SOA mass yields
in a Teflon chamber operated in continuous-flow mode, as
opposed to batch mode, which is how experiments in the
present study and most of those shown in Fig. 5 and Table S3
were conducted. While it is not possible to directly compare
our results with those of Shilling et al. (2008) due to differ-
ences in SOA mass concentrations, the SOA mass concentra-
tions and yields measured in the current study are generally
consistent with those of previous batch chamber studies. The
SOA mass yields at ∼ 10 µg m−3 SOA mass concentration
measured by Shilling et al. (2008) are generally higher than
those measured in chambers operated in batch mode (Grif-
fin et al., 1999; Cocker et al., 2001b; Presto et al., 2005;
Presto and Donahue, 2006; Pathak et al., 2007b) (Fig. 5).
One possible explanation for the higher SOA mass yields
in the continuous-flow, steady-state mode is that the SOA-
forming vapors are in equilibrium with the chamber walls
and seed aerosol, hence minimizing the irreversible loss of
SOA-forming vapors to the chamber walls (Shilling et al.,
2008). However, the extent to which SOA mass yields ob-
tained in a continuous-flow reactor are influenced by vapor

wall loss is unclear. Using a continuous-flow reactor, Ehn et
al. (2014) observed α-pinene ozonolysis SOA mass yields
to increase with increasing seed aerosol surface area but re-
quired αp = 1 to fit the observed SOA growth. The observed
vapor wall deposition rate constant in their continuous-flow
reactor (0.011 s−1) is 2 orders of magnitude larger than that
of the GTEC chamber (10−4 s−1). The estimated timescales
for gas–particle and gas–wall partitioning are also approxi-
mately equal in their continuous-flow reactor. This indicates
that SOA condensational growth is kinetically limited in their
continuous-flow reactor even at αp = 1 (Ehn et al., 2014; Mc-
Vay et al., 2014), which suggests that SOA mass yields mea-
sured in their continuous-flow reactor may be significantly
affected by vapor wall deposition.

Previous studies on SOA formation from the OH and NO3
oxidation of biogenic VOCs have similarly reported higher
SOA mass yields in the presence of higher oxidant concentra-
tions. For example, in the NO3 oxidation of β-pinene, Boyd
et al. (2015) reported SOA mass yields 10 to 30 % higher
than those previously reported by Fry et al. (2009, 2014). In
addition to differences in the experimental conditions of the
two studies (which may lead to differing RO2 chemistry),
Boyd et al. (2015) hypothesized that the higher SOA mass
yields could also be a result of the higher NO3 concentra-
tions used in their study (which led to faster β-pinene oxida-
tion rates) compared to those used by Fry et al. (2009, 2014).
The oxidation rate effect was also observed in the m-xylene
photooxidation system, where Ng et al. (2007) showed that
the SOA mass yields were dependent on the m-xylene oxi-
dation rate, with higher OH concentrations (and hence faster
oxidation rates) resulting in higher SOA mass yields. The
authors dismissed the possibility of the different SOA mass
yields being a result of different RO2 chemistry since all their
m-xylene photooxidation experiments were performed under
high-NOx conditions and the RO2 reacted virtually entirely
with NO. Together, these studies show that faster hydrocar-
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bon oxidation rates can alleviate the effects of vapor wall de-
position on SOA mass yields in different VOC systems.

This gives rise to the question of whether chamber SOA
experiments on different VOC systems should be performed
under as rapid oxidation conditions as possible (i.e., large ox-
idant concentrations) to reduce the effects of vapor wall de-
position. A recent study by McVay et al. (2016) reported sim-
ilar SOA growth under low and high OH levels for α-pinene
photooxidation. The authors hypothesized that the autoxida-
tion mechanism likely becomes a more important pathway
at low OH levels (Crounse et al., 2013) and thus contributes
substantially to SOA growth. Therefore, it is possible that
certain reaction pathways and mechanisms (which are impor-
tant in the atmosphere) are biased when unusually high levels
of oxidants are used in chamber experiments (e.g., autoxida-
tion). Thus, this underscores the need to design chamber ex-
periments that simultaneously mitigate the magnitude of va-
por wall deposition while ensuring that reaction conditions,
and consequently reaction pathways and oxidation products,
are atmospherically relevant. More importantly, the impact
of vapor wall deposition on SOA formation and evolution
in various VOC systems conducted under different reaction
conditions (regardless of atmospheric relevance) needs to be
quantified through a combination of experimental and mod-
eling efforts. Similar to this study, experiments should be per-
formed using different seed aerosol surface area and oxidant
concentrations to study their influence on vapor wall deposi-
tion and SOA mass yields. If the effects of vapor wall loss are
found to be strongly dependent on seed aerosol surface area
and/or oxidant concentrations (e.g., toluene photooxidation,
where SOA formation may be underestimated by factors as
much as 4; Zhang et al., 2014), further experiments aimed
at measuring the wall deposition rates of the oxidation prod-
ucts should be performed. These wall deposition rates can
then be used in predictive models to determine the vapor–
wall and vapor–particle mass accommodation coefficients of
these oxidation products. Consequently, this will allow us to
determine the fraction of SOA-forming vapors partitioning
to the particle phase vs. lost to the chamber walls (Zhang et
al., 2015a; Krechmer et al., 2016).

7 Data availability

The experimental data and model output can be accessed by
request (ng@chbe.gatech.edu).

The Supplement related to this article is available online
at doi:10.5194/acp-16-9361-2016-supplement.
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