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•About half of the sub-micron (<1 µm) atmospheric aerosol mass is composed 
of organic compounds ➟ organic aerosol (OA)

eters consistent with our current understanding of
atmospheric chemistry. It can be applied to mate-
rial produced from any precursor.

To test whether the model can reproduce the
transformations of atmospheric OA shown in Fig.
2, the simulated formation and aging chemistry of
a-pinene SOA (and the attendant vapors) are
shown in Fig. 4. The full (vapor and particle) first-
generation distribution from the a-pinene + O3

reaction (derived from chamber data) is shown
with blue contours in Fig. 4A, having 1 < C*<
107 mgm−3 and 0.1 < O:C < 0.4. Lower-volatility
products to the upper left of the blue contours
condense to form SOA. The reaction of the first-
generation particle and vapor distribution with
OH is modeled with functionalization reactions
that generate products that are roughly within the
limits indicated by the red dashed lines in Fig.
4A. The predicted condensed-phase products after
1.5 lifetimes of OH oxidation are shown with
purple contours in Fig. 4A and the yellow star in
Fig. 4, A and B. The model predicts a tripling

of SOAmass by the end of the second generation
of oxidation. This increase is also accompanied
by an increase in O:C, shown in Fig. 4B, and a
drop in average C* of the aerosol. The predic-
tions in Fig. 4 are consistent with observations of
cis-pinonic acid, a typical first-generation reac-
tion product, and of its OH oxidation product
a,a-dimethyltricarballylic acid (8).Moreover, the
simulation results reproduce the SV-OOA–to–
LV-OOA transformation observed in the laboratory
experiments on a-pinene SOA aging (Fig. 2C).

The model predicts very similar outcomes for
the aging of other SOA precursors, including the
evaporated diesel and biomass-burning smoke
shown in Fig. 2, E and F. Most of the aging in
these simulations occurs via gas-phase oxidation of
semivolatile vapors. OOA formation occurs mainly
via condensation of the less volatile products of
these aging reactions on accumulation-mode parti-
cles, where OOA principally resides (15). However,
in all of these cases, the majority of the oxidation
products in the model are higher-volatility gases.

Although the current implementation of the frame-
work considers aging only by reactions with OH,
other agingmechanisms, such as oligomerization or
the addition of hydrated glyoxal to a semivolatile
organic in the condensed phase (32), could be in-
corporated into the framework. These mechanisms
represent other means of substantially increasing
O:C while reducing C* by several decades.

OA is dynamic and continually evolves in the
atmosphere; this evolution strongly influences the
effects of particulate matter on climate and air
quality. The complex evolution of OA contrasts
with the simpler behavior of sulfate, which is ir-
reversibly oxidized and condensed. Current mod-
eling frameworks for OA are constructed in an
analogous way to those for sulfate, with either no
agingor one-step oxidation.Herewehave presented
a unifying framework describing the atmospheric
evolution of OA, which is directly connected to
worldwide observations and experimentally ver-
ifiable and can be used to evaluate and form the
basis of practical phenomenological modeling

Fig. 1. Total mass concentration (in micrograms per cubic meter) and mass
fractions of nonrefractory inorganic species and organic components in sub-
micrometer aerosols measured with the AMS at multiple surface locations in
the Northern Hemisphere (21). The organic components were obtained with
FA-AMS methods (3, 15–17). In some studies, the FA-AMS methods identified

one OOA factor, whereas in other locations, two types, SV-OOA and LV-OOA,
were identified. HOA is a surrogate for urban primary OA, and Other OA
includes primary OAs other than HOA that have been identified in several
studies, including BBOA. (Inset) Distributions of O:C for the OA components
identified at the different sites, calculated according to (18).
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1.1–3.8. As shown in Figure 3c, the gas-particle partitioning of inorganic nitrate is very sensitive to the pH 
ranges. When pH increased above 3, NH4NO3 almost existed as particle phase. Although Figure S12d shows 
the pH in this study was mainly controlled by the sulfate based on the molar ratio of aerosol-phase [NO3]/
[2SO4] < 1 (H. Guo et al., 2016), a recent study proposed that aerosol pH and its uncertainty were mainly 
determined by the ambient ALWC when ammonia is abundant (Zheng et al., 2020). Color-coding of sulfate 
in Figure 3c indeed shows that the variation of sulfate did not impact the pH largely enough to influence 
gas-particle partitioning of inorganic nitrate substantially.

The interaction of ALWC and pH with inorganic nitrate formation is more complex if considering these 
processes in a dynamic way. On one hand, the higher ALWC and pH can promote the inorganic nitrate for-
mation, on the other hand the substantially increased inorganic nitrate would also impose positive feedback 
on ALWC and pH values (Figure 3d), for example, higher inorganic nitrate concentrations would promote 
more ALWC formation due to its hydrophilicity, while more ALWC would dilute the H+ and lead to high-
er pH of aerosols, then favor the gas-phase NH4NO3 condense in the aerosol phase. We illustrated these 
mutual promotion processes in Figure 3d, which provides a co-beneficial control strategy for fine particle 
concentrations under the polluted periods (Y. Wang, Chen, et al., 2020).

3.3. Size Distributions

The average mass size distribution of total aerosols measured by the AMS shows good agreement with that 
from the SMPS (Figure 4a), verifying the robustness of size distributions measured here. The aerosol size 
distributions in the polluted and clean periods are also shown in Figures 4b and 4c. During the polluted pe-
riods, the average peaks of size distributions of each species (vacuum aerodynamic size, dva = 600–700 nm) 
were generally larger than these from the clean periods (dva = 500–600 nm), indicating a faster particle 
growth rate of aerosols during the haze events. Note that the size peaks of species under PM2.5 ranges 
might be slightly larger than the values shown here due to AMS lens size cut of PM1 was used here (Elser 
et al., 2016).
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Figure 2. A summary of average chemical compositions of PM1 measured by aerosol mass spectrometer in the Pearl 
River Delta (PRD) areas. The inserted plot shows the ratios of measured NH4 versus predicted NH4 at each observation 
site. The ammonium balance ratios suggest the overall aerosols are acidic in the PRD region. For comparison, the 
organic nitrate masses resolved in this study were added into the total OA masses.
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Carnsore Point (1.5%); cigarette smoking OA (CSOA) in Zürich (Qi et al., 
2019; Stefenelli et al., 2019); and a mixed ship-industry factor in Mar-
seille (2.2%, Chazeau et al., 2022). Finally, two secondary OOA factors 
(MO-OOA and LO-OOA) are present at all sites except for Birkenes (MO- 
OOA only). The MO-OOA and LO-OOA contribute to the total PM1 with 
an average of 22.0% and 13.1%, respectively. Both MO-OOA and LO- 
OOA show drastic differences among urban (16.7% and 10.6%) and 
non-urban sites (29.6% and 17.2%), which is expected since more pri-
mary sources are present in the urban environment. When summing up 
MO-OOA and LO-OOA (Total OOA), Fig. 2 suggests that secondary OA is 
the main contributor to total submicron PM (average = 34.5%, range 
from 11.7 to 62.4%) and dominates OA (average = 71.1%, range from 
47.3 to 100%) across Europe. 

In addition, the resolved OA factors have been validated using data 
external to the PMF input matrices as well as the mass conc. of m/z 60 in 
the organic matrix (Table S4). These external data include NH4, NO3, 
SO4, which were obtained from ACSM/AMS, and eBC was measured by 
AE33/AE31/MAAP. Regarding the PMF errors (Equation (6) in Canon-
aco et al. (2021)), they are estimated by logarithmic probability density 

functions (pdf) of the standard deviations of each time point i divided by 
the mean concentration of each time point i for corresponding OA fac-
tors. The PMF errors of major OA components are presented in Table S6. 
In general, POAs often have smaller PMF errors than OOA factors since 
they are always constrained. 

3.2. OA composition changes as a function of OA loading 

To understand how the OA composition changes under different 
loadings, each dataset is divided into ten bins containing the same 
number of points based on the OA mass concentrations. As shown in 
Fig. 3, apart from Zürich and Helsinki, all urban as well as two non- 
urban sites (Magadino and Melpitz) report larger POA contributions 
under high OA loadings. It is most likely because primary emissions 
substantially contribute to OA mass concentrations in relatively polluted 
areas under stagnant conditions (Tobler et al., 2021; Zhang et al., 2019). 
Specifically, HOA shows a relatively constant contribution even when 
the OA mass concentration increases at non-urban sites, while it in-
creases as the OA mass concentration increases at urban sites. This 

Fig. 2. Submicron particulate matter (PM1) mass concentration (in µg/m3) and mass fractions of non-refractory inorganic species, equivalent black carbon (measured 
by online filter-based methods), and organic aerosol measured with the 22 ACSM/AMS at multiple locations in Europe covering all seasons. The size of the markers 
corresponds to the PM1 mass concentration. The brown colour of the marker indicates an urban site, while the green marker indicates a non-urban site. The checkered 
green/white shading of the pie charts denotes the organic aerosol (OA) fraction in PM1, and the bar charts represent the contributions of each OA factor to the total 
OA mass. 

G. Chen et al.                                                                                                                                                                                                                                    
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a hydrogen atom located four carbons away from
the radical center. The rate of isomerization
increases with the level of substitution of the carbon
from which the H is abstracted; it is also greatly
enhanced when that carbon has an –OH group, or is
adjacent to a carbon with one. As a result, a
subsequent isomerization reaction will generally
involve a hydrogen attached to the carbon of the
original alkoxy radical (assuming there is one),
forming a 1,4-hydroxycarbonyl (Fig. 7). This
may itself rapidly isomerize and dehydrate to form
a dihydrofuran, which is low in volatility and
subject to rapid oxidation, probably lowering
volatility further (Gong et al., 2005; Lim and
Ziemann, 2005).

The reaction of large alkoxy radicals with oxygen
(R5c) is typically too slow at room temperature to
compete with the other two channels. It is compe-

titive when isomerization is not possible and
dissociation forms primary alkyl radicals only, as
well as at very low temperatures, where the
dissociation and isomerization reactions are exceed-
ingly slow (Atkinson, 2007). Otherwise, this channel
can generally be neglected for large organics.

The importance of alkoxy radical isomerization
relative to the other two channels (Table 2) is a
major determinant of the volatility of reaction
products. The isomerization product is an alkyl
radical of the same carbon number as the alkoxy
radical, only with an additional functional (hydro-
xyl) group. Subsequent isomerization steps will lead
to the formation of multifunctional species (polyols,
hydroxycarbonyls, or dihydrofurans), representing
substantial decreases in volatility. By contrast, the
dissociation pathway involves a cleavage of the
carbon skeleton of the molecule, forming organic
fragments that can be substantially more volatile
than the parent organic. Alkoxy radicals therefore
serve as an important connection between molecu-
lar structure and the change in volatility of a
compound upon oxidation. Compounds with struc-
tural features that favor the isomerization path-
way—relatively little branching, with 1,5-hydrogen
shifts possible—are likely to substantially decrease
in volatility upon oxidation, as will those in which
dissociation will not lead to a significant reduction
in carbon number (i.e., cyclic compounds). De-
creases in volatility are not expected to be as
dramatic for organics whose structures favor alkoxy
radical fragmentation—i.e., small, acyclic, highly
branched, and/or oxidized species.

The role of the isomerization channel in SOA
formation has been established by the recent work
of Ziemann and coworkers. In studies of NO3+
terminal alkenes (Gong et al., 2005) and OH+
n-alkanes (Lim and Ziemann, 2005), online mass
spectrometry was used to detect an array of
particulate products (1,4-bifunctional compounds
and substituted tetrahydrofurans) consistent with
isomerization reactions. Additionally, it was
shown that when alkoxy radical isomerization
cannot occur (with no 1,5-hydrogen shift possible),
SOA formation is strongly suppressed (Gong et al.,
2005).

2.4. NOx dependence of SOA formation

The relationship between product volatility and
individual reaction steps in VOC oxidation allows
for an understanding of how specific reaction
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a hydrogen atom located four carbons away from
the radical center. The rate of isomerization
increases with the level of substitution of the carbon
from which the H is abstracted; it is also greatly
enhanced when that carbon has an –OH group, or is
adjacent to a carbon with one. As a result, a
subsequent isomerization reaction will generally
involve a hydrogen attached to the carbon of the
original alkoxy radical (assuming there is one),
forming a 1,4-hydroxycarbonyl (Fig. 7). This
may itself rapidly isomerize and dehydrate to form
a dihydrofuran, which is low in volatility and
subject to rapid oxidation, probably lowering
volatility further (Gong et al., 2005; Lim and
Ziemann, 2005).

The reaction of large alkoxy radicals with oxygen
(R5c) is typically too slow at room temperature to
compete with the other two channels. It is compe-

titive when isomerization is not possible and
dissociation forms primary alkyl radicals only, as
well as at very low temperatures, where the
dissociation and isomerization reactions are exceed-
ingly slow (Atkinson, 2007). Otherwise, this channel
can generally be neglected for large organics.

The importance of alkoxy radical isomerization
relative to the other two channels (Table 2) is a
major determinant of the volatility of reaction
products. The isomerization product is an alkyl
radical of the same carbon number as the alkoxy
radical, only with an additional functional (hydro-
xyl) group. Subsequent isomerization steps will lead
to the formation of multifunctional species (polyols,
hydroxycarbonyls, or dihydrofurans), representing
substantial decreases in volatility. By contrast, the
dissociation pathway involves a cleavage of the
carbon skeleton of the molecule, forming organic
fragments that can be substantially more volatile
than the parent organic. Alkoxy radicals therefore
serve as an important connection between molecu-
lar structure and the change in volatility of a
compound upon oxidation. Compounds with struc-
tural features that favor the isomerization path-
way—relatively little branching, with 1,5-hydrogen
shifts possible—are likely to substantially decrease
in volatility upon oxidation, as will those in which
dissociation will not lead to a significant reduction
in carbon number (i.e., cyclic compounds). De-
creases in volatility are not expected to be as
dramatic for organics whose structures favor alkoxy
radical fragmentation—i.e., small, acyclic, highly
branched, and/or oxidized species.

The role of the isomerization channel in SOA
formation has been established by the recent work
of Ziemann and coworkers. In studies of NO3+
terminal alkenes (Gong et al., 2005) and OH+
n-alkanes (Lim and Ziemann, 2005), online mass
spectrometry was used to detect an array of
particulate products (1,4-bifunctional compounds
and substituted tetrahydrofurans) consistent with
isomerization reactions. Additionally, it was
shown that when alkoxy radical isomerization
cannot occur (with no 1,5-hydrogen shift possible),
SOA formation is strongly suppressed (Gong et al.,
2005).

2.4. NOx dependence of SOA formation

The relationship between product volatility and
individual reaction steps in VOC oxidation allows
for an understanding of how specific reaction
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a hydrogen atom located four carbons away from
the radical center. The rate of isomerization
increases with the level of substitution of the carbon
from which the H is abstracted; it is also greatly
enhanced when that carbon has an –OH group, or is
adjacent to a carbon with one. As a result, a
subsequent isomerization reaction will generally
involve a hydrogen attached to the carbon of the
original alkoxy radical (assuming there is one),
forming a 1,4-hydroxycarbonyl (Fig. 7). This
may itself rapidly isomerize and dehydrate to form
a dihydrofuran, which is low in volatility and
subject to rapid oxidation, probably lowering
volatility further (Gong et al., 2005; Lim and
Ziemann, 2005).

The reaction of large alkoxy radicals with oxygen
(R5c) is typically too slow at room temperature to
compete with the other two channels. It is compe-

titive when isomerization is not possible and
dissociation forms primary alkyl radicals only, as
well as at very low temperatures, where the
dissociation and isomerization reactions are exceed-
ingly slow (Atkinson, 2007). Otherwise, this channel
can generally be neglected for large organics.

The importance of alkoxy radical isomerization
relative to the other two channels (Table 2) is a
major determinant of the volatility of reaction
products. The isomerization product is an alkyl
radical of the same carbon number as the alkoxy
radical, only with an additional functional (hydro-
xyl) group. Subsequent isomerization steps will lead
to the formation of multifunctional species (polyols,
hydroxycarbonyls, or dihydrofurans), representing
substantial decreases in volatility. By contrast, the
dissociation pathway involves a cleavage of the
carbon skeleton of the molecule, forming organic
fragments that can be substantially more volatile
than the parent organic. Alkoxy radicals therefore
serve as an important connection between molecu-
lar structure and the change in volatility of a
compound upon oxidation. Compounds with struc-
tural features that favor the isomerization path-
way—relatively little branching, with 1,5-hydrogen
shifts possible—are likely to substantially decrease
in volatility upon oxidation, as will those in which
dissociation will not lead to a significant reduction
in carbon number (i.e., cyclic compounds). De-
creases in volatility are not expected to be as
dramatic for organics whose structures favor alkoxy
radical fragmentation—i.e., small, acyclic, highly
branched, and/or oxidized species.

The role of the isomerization channel in SOA
formation has been established by the recent work
of Ziemann and coworkers. In studies of NO3+
terminal alkenes (Gong et al., 2005) and OH+
n-alkanes (Lim and Ziemann, 2005), online mass
spectrometry was used to detect an array of
particulate products (1,4-bifunctional compounds
and substituted tetrahydrofurans) consistent with
isomerization reactions. Additionally, it was
shown that when alkoxy radical isomerization
cannot occur (with no 1,5-hydrogen shift possible),
SOA formation is strongly suppressed (Gong et al.,
2005).

2.4. NOx dependence of SOA formation

The relationship between product volatility and
individual reaction steps in VOC oxidation allows
for an understanding of how specific reaction
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dihydrofuran, which is subject to rapid oxidation by O3, NO3, or
OH (Gong et al., 2005; Lim and Ziemann, 2005).
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a hydrogen atom located four carbons away from
the radical center. The rate of isomerization
increases with the level of substitution of the carbon
from which the H is abstracted; it is also greatly
enhanced when that carbon has an –OH group, or is
adjacent to a carbon with one. As a result, a
subsequent isomerization reaction will generally
involve a hydrogen attached to the carbon of the
original alkoxy radical (assuming there is one),
forming a 1,4-hydroxycarbonyl (Fig. 7). This
may itself rapidly isomerize and dehydrate to form
a dihydrofuran, which is low in volatility and
subject to rapid oxidation, probably lowering
volatility further (Gong et al., 2005; Lim and
Ziemann, 2005).

The reaction of large alkoxy radicals with oxygen
(R5c) is typically too slow at room temperature to
compete with the other two channels. It is compe-

titive when isomerization is not possible and
dissociation forms primary alkyl radicals only, as
well as at very low temperatures, where the
dissociation and isomerization reactions are exceed-
ingly slow (Atkinson, 2007). Otherwise, this channel
can generally be neglected for large organics.

The importance of alkoxy radical isomerization
relative to the other two channels (Table 2) is a
major determinant of the volatility of reaction
products. The isomerization product is an alkyl
radical of the same carbon number as the alkoxy
radical, only with an additional functional (hydro-
xyl) group. Subsequent isomerization steps will lead
to the formation of multifunctional species (polyols,
hydroxycarbonyls, or dihydrofurans), representing
substantial decreases in volatility. By contrast, the
dissociation pathway involves a cleavage of the
carbon skeleton of the molecule, forming organic
fragments that can be substantially more volatile
than the parent organic. Alkoxy radicals therefore
serve as an important connection between molecu-
lar structure and the change in volatility of a
compound upon oxidation. Compounds with struc-
tural features that favor the isomerization path-
way—relatively little branching, with 1,5-hydrogen
shifts possible—are likely to substantially decrease
in volatility upon oxidation, as will those in which
dissociation will not lead to a significant reduction
in carbon number (i.e., cyclic compounds). De-
creases in volatility are not expected to be as
dramatic for organics whose structures favor alkoxy
radical fragmentation—i.e., small, acyclic, highly
branched, and/or oxidized species.

The role of the isomerization channel in SOA
formation has been established by the recent work
of Ziemann and coworkers. In studies of NO3+
terminal alkenes (Gong et al., 2005) and OH+
n-alkanes (Lim and Ziemann, 2005), online mass
spectrometry was used to detect an array of
particulate products (1,4-bifunctional compounds
and substituted tetrahydrofurans) consistent with
isomerization reactions. Additionally, it was
shown that when alkoxy radical isomerization
cannot occur (with no 1,5-hydrogen shift possible),
SOA formation is strongly suppressed (Gong et al.,
2005).

2.4. NOx dependence of SOA formation

The relationship between product volatility and
individual reaction steps in VOC oxidation allows
for an understanding of how specific reaction
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If possible, the new alkoxy radical will isomerize again to form a
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dihydrofuran, which is subject to rapid oxidation by O3, NO3, or
OH (Gong et al., 2005; Lim and Ziemann, 2005).
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a hydrogen atom located four carbons away from
the radical center. The rate of isomerization
increases with the level of substitution of the carbon
from which the H is abstracted; it is also greatly
enhanced when that carbon has an –OH group, or is
adjacent to a carbon with one. As a result, a
subsequent isomerization reaction will generally
involve a hydrogen attached to the carbon of the
original alkoxy radical (assuming there is one),
forming a 1,4-hydroxycarbonyl (Fig. 7). This
may itself rapidly isomerize and dehydrate to form
a dihydrofuran, which is low in volatility and
subject to rapid oxidation, probably lowering
volatility further (Gong et al., 2005; Lim and
Ziemann, 2005).

The reaction of large alkoxy radicals with oxygen
(R5c) is typically too slow at room temperature to
compete with the other two channels. It is compe-

titive when isomerization is not possible and
dissociation forms primary alkyl radicals only, as
well as at very low temperatures, where the
dissociation and isomerization reactions are exceed-
ingly slow (Atkinson, 2007). Otherwise, this channel
can generally be neglected for large organics.

The importance of alkoxy radical isomerization
relative to the other two channels (Table 2) is a
major determinant of the volatility of reaction
products. The isomerization product is an alkyl
radical of the same carbon number as the alkoxy
radical, only with an additional functional (hydro-
xyl) group. Subsequent isomerization steps will lead
to the formation of multifunctional species (polyols,
hydroxycarbonyls, or dihydrofurans), representing
substantial decreases in volatility. By contrast, the
dissociation pathway involves a cleavage of the
carbon skeleton of the molecule, forming organic
fragments that can be substantially more volatile
than the parent organic. Alkoxy radicals therefore
serve as an important connection between molecu-
lar structure and the change in volatility of a
compound upon oxidation. Compounds with struc-
tural features that favor the isomerization path-
way—relatively little branching, with 1,5-hydrogen
shifts possible—are likely to substantially decrease
in volatility upon oxidation, as will those in which
dissociation will not lead to a significant reduction
in carbon number (i.e., cyclic compounds). De-
creases in volatility are not expected to be as
dramatic for organics whose structures favor alkoxy
radical fragmentation—i.e., small, acyclic, highly
branched, and/or oxidized species.

The role of the isomerization channel in SOA
formation has been established by the recent work
of Ziemann and coworkers. In studies of NO3+
terminal alkenes (Gong et al., 2005) and OH+
n-alkanes (Lim and Ziemann, 2005), online mass
spectrometry was used to detect an array of
particulate products (1,4-bifunctional compounds
and substituted tetrahydrofurans) consistent with
isomerization reactions. Additionally, it was
shown that when alkoxy radical isomerization
cannot occur (with no 1,5-hydrogen shift possible),
SOA formation is strongly suppressed (Gong et al.,
2005).

2.4. NOx dependence of SOA formation

The relationship between product volatility and
individual reaction steps in VOC oxidation allows
for an understanding of how specific reaction
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If possible, the new alkoxy radical will isomerize again to form a
1,4-hydroxycarbonyl. This species can then isomerize to form a
dihydrofuran, which is subject to rapid oxidation by O3, NO3, or
OH (Gong et al., 2005; Lim and Ziemann, 2005).
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a hydrogen atom located four carbons away from
the radical center. The rate of isomerization
increases with the level of substitution of the carbon
from which the H is abstracted; it is also greatly
enhanced when that carbon has an –OH group, or is
adjacent to a carbon with one. As a result, a
subsequent isomerization reaction will generally
involve a hydrogen attached to the carbon of the
original alkoxy radical (assuming there is one),
forming a 1,4-hydroxycarbonyl (Fig. 7). This
may itself rapidly isomerize and dehydrate to form
a dihydrofuran, which is low in volatility and
subject to rapid oxidation, probably lowering
volatility further (Gong et al., 2005; Lim and
Ziemann, 2005).

The reaction of large alkoxy radicals with oxygen
(R5c) is typically too slow at room temperature to
compete with the other two channels. It is compe-

titive when isomerization is not possible and
dissociation forms primary alkyl radicals only, as
well as at very low temperatures, where the
dissociation and isomerization reactions are exceed-
ingly slow (Atkinson, 2007). Otherwise, this channel
can generally be neglected for large organics.

The importance of alkoxy radical isomerization
relative to the other two channels (Table 2) is a
major determinant of the volatility of reaction
products. The isomerization product is an alkyl
radical of the same carbon number as the alkoxy
radical, only with an additional functional (hydro-
xyl) group. Subsequent isomerization steps will lead
to the formation of multifunctional species (polyols,
hydroxycarbonyls, or dihydrofurans), representing
substantial decreases in volatility. By contrast, the
dissociation pathway involves a cleavage of the
carbon skeleton of the molecule, forming organic
fragments that can be substantially more volatile
than the parent organic. Alkoxy radicals therefore
serve as an important connection between molecu-
lar structure and the change in volatility of a
compound upon oxidation. Compounds with struc-
tural features that favor the isomerization path-
way—relatively little branching, with 1,5-hydrogen
shifts possible—are likely to substantially decrease
in volatility upon oxidation, as will those in which
dissociation will not lead to a significant reduction
in carbon number (i.e., cyclic compounds). De-
creases in volatility are not expected to be as
dramatic for organics whose structures favor alkoxy
radical fragmentation—i.e., small, acyclic, highly
branched, and/or oxidized species.

The role of the isomerization channel in SOA
formation has been established by the recent work
of Ziemann and coworkers. In studies of NO3+
terminal alkenes (Gong et al., 2005) and OH+
n-alkanes (Lim and Ziemann, 2005), online mass
spectrometry was used to detect an array of
particulate products (1,4-bifunctional compounds
and substituted tetrahydrofurans) consistent with
isomerization reactions. Additionally, it was
shown that when alkoxy radical isomerization
cannot occur (with no 1,5-hydrogen shift possible),
SOA formation is strongly suppressed (Gong et al.,
2005).

2.4. NOx dependence of SOA formation

The relationship between product volatility and
individual reaction steps in VOC oxidation allows
for an understanding of how specific reaction
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If possible, the new alkoxy radical will isomerize again to form a
1,4-hydroxycarbonyl. This species can then isomerize to form a
dihydrofuran, which is subject to rapid oxidation by O3, NO3, or
OH (Gong et al., 2005; Lim and Ziemann, 2005).
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a hydrogen atom located four carbons away from
the radical center. The rate of isomerization
increases with the level of substitution of the carbon
from which the H is abstracted; it is also greatly
enhanced when that carbon has an –OH group, or is
adjacent to a carbon with one. As a result, a
subsequent isomerization reaction will generally
involve a hydrogen attached to the carbon of the
original alkoxy radical (assuming there is one),
forming a 1,4-hydroxycarbonyl (Fig. 7). This
may itself rapidly isomerize and dehydrate to form
a dihydrofuran, which is low in volatility and
subject to rapid oxidation, probably lowering
volatility further (Gong et al., 2005; Lim and
Ziemann, 2005).

The reaction of large alkoxy radicals with oxygen
(R5c) is typically too slow at room temperature to
compete with the other two channels. It is compe-

titive when isomerization is not possible and
dissociation forms primary alkyl radicals only, as
well as at very low temperatures, where the
dissociation and isomerization reactions are exceed-
ingly slow (Atkinson, 2007). Otherwise, this channel
can generally be neglected for large organics.

The importance of alkoxy radical isomerization
relative to the other two channels (Table 2) is a
major determinant of the volatility of reaction
products. The isomerization product is an alkyl
radical of the same carbon number as the alkoxy
radical, only with an additional functional (hydro-
xyl) group. Subsequent isomerization steps will lead
to the formation of multifunctional species (polyols,
hydroxycarbonyls, or dihydrofurans), representing
substantial decreases in volatility. By contrast, the
dissociation pathway involves a cleavage of the
carbon skeleton of the molecule, forming organic
fragments that can be substantially more volatile
than the parent organic. Alkoxy radicals therefore
serve as an important connection between molecu-
lar structure and the change in volatility of a
compound upon oxidation. Compounds with struc-
tural features that favor the isomerization path-
way—relatively little branching, with 1,5-hydrogen
shifts possible—are likely to substantially decrease
in volatility upon oxidation, as will those in which
dissociation will not lead to a significant reduction
in carbon number (i.e., cyclic compounds). De-
creases in volatility are not expected to be as
dramatic for organics whose structures favor alkoxy
radical fragmentation—i.e., small, acyclic, highly
branched, and/or oxidized species.

The role of the isomerization channel in SOA
formation has been established by the recent work
of Ziemann and coworkers. In studies of NO3+
terminal alkenes (Gong et al., 2005) and OH+
n-alkanes (Lim and Ziemann, 2005), online mass
spectrometry was used to detect an array of
particulate products (1,4-bifunctional compounds
and substituted tetrahydrofurans) consistent with
isomerization reactions. Additionally, it was
shown that when alkoxy radical isomerization
cannot occur (with no 1,5-hydrogen shift possible),
SOA formation is strongly suppressed (Gong et al.,
2005).

2.4. NOx dependence of SOA formation

The relationship between product volatility and
individual reaction steps in VOC oxidation allows
for an understanding of how specific reaction
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If possible, the new alkoxy radical will isomerize again to form a
1,4-hydroxycarbonyl. This species can then isomerize to form a
dihydrofuran, which is subject to rapid oxidation by O3, NO3, or
OH (Gong et al., 2005; Lim and Ziemann, 2005).
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a hydrogen atom located four carbons away from
the radical center. The rate of isomerization
increases with the level of substitution of the carbon
from which the H is abstracted; it is also greatly
enhanced when that carbon has an –OH group, or is
adjacent to a carbon with one. As a result, a
subsequent isomerization reaction will generally
involve a hydrogen attached to the carbon of the
original alkoxy radical (assuming there is one),
forming a 1,4-hydroxycarbonyl (Fig. 7). This
may itself rapidly isomerize and dehydrate to form
a dihydrofuran, which is low in volatility and
subject to rapid oxidation, probably lowering
volatility further (Gong et al., 2005; Lim and
Ziemann, 2005).

The reaction of large alkoxy radicals with oxygen
(R5c) is typically too slow at room temperature to
compete with the other two channels. It is compe-

titive when isomerization is not possible and
dissociation forms primary alkyl radicals only, as
well as at very low temperatures, where the
dissociation and isomerization reactions are exceed-
ingly slow (Atkinson, 2007). Otherwise, this channel
can generally be neglected for large organics.

The importance of alkoxy radical isomerization
relative to the other two channels (Table 2) is a
major determinant of the volatility of reaction
products. The isomerization product is an alkyl
radical of the same carbon number as the alkoxy
radical, only with an additional functional (hydro-
xyl) group. Subsequent isomerization steps will lead
to the formation of multifunctional species (polyols,
hydroxycarbonyls, or dihydrofurans), representing
substantial decreases in volatility. By contrast, the
dissociation pathway involves a cleavage of the
carbon skeleton of the molecule, forming organic
fragments that can be substantially more volatile
than the parent organic. Alkoxy radicals therefore
serve as an important connection between molecu-
lar structure and the change in volatility of a
compound upon oxidation. Compounds with struc-
tural features that favor the isomerization path-
way—relatively little branching, with 1,5-hydrogen
shifts possible—are likely to substantially decrease
in volatility upon oxidation, as will those in which
dissociation will not lead to a significant reduction
in carbon number (i.e., cyclic compounds). De-
creases in volatility are not expected to be as
dramatic for organics whose structures favor alkoxy
radical fragmentation—i.e., small, acyclic, highly
branched, and/or oxidized species.

The role of the isomerization channel in SOA
formation has been established by the recent work
of Ziemann and coworkers. In studies of NO3+
terminal alkenes (Gong et al., 2005) and OH+
n-alkanes (Lim and Ziemann, 2005), online mass
spectrometry was used to detect an array of
particulate products (1,4-bifunctional compounds
and substituted tetrahydrofurans) consistent with
isomerization reactions. Additionally, it was
shown that when alkoxy radical isomerization
cannot occur (with no 1,5-hydrogen shift possible),
SOA formation is strongly suppressed (Gong et al.,
2005).

2.4. NOx dependence of SOA formation

The relationship between product volatility and
individual reaction steps in VOC oxidation allows
for an understanding of how specific reaction
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from which the H is abstracted; it is also greatly
enhanced when that carbon has an –OH group, or is
adjacent to a carbon with one. As a result, a
subsequent isomerization reaction will generally
involve a hydrogen attached to the carbon of the
original alkoxy radical (assuming there is one),
forming a 1,4-hydroxycarbonyl (Fig. 7). This
may itself rapidly isomerize and dehydrate to form
a dihydrofuran, which is low in volatility and
subject to rapid oxidation, probably lowering
volatility further (Gong et al., 2005; Lim and
Ziemann, 2005).

The reaction of large alkoxy radicals with oxygen
(R5c) is typically too slow at room temperature to
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creases in volatility are not expected to be as
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The role of the isomerization channel in SOA
formation has been established by the recent work
of Ziemann and coworkers. In studies of NO3+
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n-alkanes (Lim and Ziemann, 2005), online mass
spectrometry was used to detect an array of
particulate products (1,4-bifunctional compounds
and substituted tetrahydrofurans) consistent with
isomerization reactions. Additionally, it was
shown that when alkoxy radical isomerization
cannot occur (with no 1,5-hydrogen shift possible),
SOA formation is strongly suppressed (Gong et al.,
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from which the H is abstracted; it is also greatly
enhanced when that carbon has an –OH group, or is
adjacent to a carbon with one. As a result, a
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involve a hydrogen attached to the carbon of the
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forming a 1,4-hydroxycarbonyl (Fig. 7). This
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a dihydrofuran, which is low in volatility and
subject to rapid oxidation, probably lowering
volatility further (Gong et al., 2005; Lim and
Ziemann, 2005).

The reaction of large alkoxy radicals with oxygen
(R5c) is typically too slow at room temperature to
compete with the other two channels. It is compe-

titive when isomerization is not possible and
dissociation forms primary alkyl radicals only, as
well as at very low temperatures, where the
dissociation and isomerization reactions are exceed-
ingly slow (Atkinson, 2007). Otherwise, this channel
can generally be neglected for large organics.

The importance of alkoxy radical isomerization
relative to the other two channels (Table 2) is a
major determinant of the volatility of reaction
products. The isomerization product is an alkyl
radical of the same carbon number as the alkoxy
radical, only with an additional functional (hydro-
xyl) group. Subsequent isomerization steps will lead
to the formation of multifunctional species (polyols,
hydroxycarbonyls, or dihydrofurans), representing
substantial decreases in volatility. By contrast, the
dissociation pathway involves a cleavage of the
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fragments that can be substantially more volatile
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serve as an important connection between molecu-
lar structure and the change in volatility of a
compound upon oxidation. Compounds with struc-
tural features that favor the isomerization path-
way—relatively little branching, with 1,5-hydrogen
shifts possible—are likely to substantially decrease
in volatility upon oxidation, as will those in which
dissociation will not lead to a significant reduction
in carbon number (i.e., cyclic compounds). De-
creases in volatility are not expected to be as
dramatic for organics whose structures favor alkoxy
radical fragmentation—i.e., small, acyclic, highly
branched, and/or oxidized species.

The role of the isomerization channel in SOA
formation has been established by the recent work
of Ziemann and coworkers. In studies of NO3+
terminal alkenes (Gong et al., 2005) and OH+
n-alkanes (Lim and Ziemann, 2005), online mass
spectrometry was used to detect an array of
particulate products (1,4-bifunctional compounds
and substituted tetrahydrofurans) consistent with
isomerization reactions. Additionally, it was
shown that when alkoxy radical isomerization
cannot occur (with no 1,5-hydrogen shift possible),
SOA formation is strongly suppressed (Gong et al.,
2005).

2.4. NOx dependence of SOA formation

The relationship between product volatility and
individual reaction steps in VOC oxidation allows
for an understanding of how specific reaction
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composition of the oxidation products in the particle phase did
not change with time. Oxidation of cyclopentanone produced
SOA with the highest O : C ratio (1.31) while oxidation of ETH
produced SOA with the lowest O : C ratio (average of 0.56). The
SOA O : C ratios are later shown to be useful in evaluating the
model used in this work.

3.3 Comparisons to gasoline SOA

The SOA mass yields for gasoline in our experiments (average of
2.0%) compared reasonably well with chamber data from Jathar
et al.17 and Chen et al.,60 who measured an SOA mass yield
between 1 and 4%, and modeled data from Gentner et al.,61 who
predicted an SOA mass yield of 2.3% (Jathar et al.17 and Gentner
et al.61 studied summertime California gasoline while Chen
et al.60 studied gasoline from China). Differences in the SOA
mass yields between the studies could be attributed to small
differences in the aromatic fraction and composition of the fuel
studied. Overall, when compared to gasoline, two of the Co-
Optima fuels – cyclopentanone and diisobutylene – had very
low SOA mass yields (#0.2%). The alkylfuran mixture had
a slightly lower SOAmass yield compared to gasoline (average of
1.6% versus average of 2.0%). ETH had an average SOA mass
yield of 11.5% that was six times higher than that for gasoline.
Purely from an SOA perspective and assuming equivalent
emissions of these species into the atmosphere, cyclopentanone
and diisobutylene appear to be ideal candidates to be blended
with gasoline. It is unclear if the alkylfuran mixture has any
benets over gasoline while ETH is likely to be a poor substitute.
These conclusions are based on the assumption that the
composition of the SOA precursors in the tailpipe is similar to
the composition of the unburned fuel.8,17 Future work may need
to examine the SOA formation from tailpipe exhaust.

3.4 Modeling the SOA formation and composition

We used the SOM-TOMAS model to t or predict the SOA
formation and composition in our chamber experiments while
correcting for the inuence of vapor wall losses. In the absence

of any historical data, SOM parameters were developed based
on representative chamber experiments performed on the
alkylfuran mixture, diisobutylene, and cyclopentanone. Results
from that exercise, where the model was t to reproduce the
evolution of the SOA mass concentrations, are shown in Fig. 2
(gasoline and ETH results are in Fig. 3). The SOM parameters
are presented in Table 2. The SOM parameters were able to
reproduce the measured SOA mass concentrations and O : C
ratio (within 30%) for all experiments. We should note that the
SOA O : C ratio was not used as a constraint during the tting
and the O : C agreement points to the ability of the SOM to
capture the general features of the oxidation chemistry. We
should note that the model performance for SOA mass
concentrations and O : C was much better for the alkylfuran
experiment compared to the diisobutylene and cyclopentanone
experiments. This could be partly attributed to the observed
variability and low SOA mass concentrations in the diisobuty-
lene and cyclopentanone experiments.

The SOM-TOMASmodel results for gasoline andETHare shown
in Fig. 3. Model predictions of the precursor contribution to the
end-of-experiment SOA for both experiments are also shown in
Fig. 3. A slightly different model conguration was used for the two
experiments to optimize the model-measurement comparison. For
the gasoline experiment, a model conguration that treated all C8

and higher single-ring aromatic compounds as low-yield aromatics
(based on ts to o-xylene experiments) seemed to work best in
reproducing the SOA mass concentration and O : C ratio. This
conguration, however, did not work with the ETH experiment,
and all C8 and higher single-ring aromatic compounds had to be
treated as high-yield aromatics (based on ts to m-xylene experi-
ments) to reproduce the measured SOA mass concentration and
O : C ratio. The treatment of PAHswas kept the same for both fuels.
The use of a xylene to model the SOA formation from C8 and larger
single-ring aromatic compounds is consistent with its treatment in
atmospheric models.39,41,62 That the single-ring aromatic
compounds had to be treated in slightly different ways suggests
that the aromatic composition between the two fuels was suffi-
ciently different that they exhibited different potentials to form

Fig. 2 SOM-TOMAS model predictions based on parameter fits (solid black lines) compared to measurements (symbols) of SOA mass
concentrations and SOA O : C for the (a) alkylfuran mixture, (b) diisobutylene, and (c) cyclopentanone. Model predictions for O : C are shown
only after the first half hour as they were found to be unreliable at earlier times when the SOA mass concentrations were lower than 0.5 mg m!3.
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composition of the oxidation products in the particle phase did
not change with time. Oxidation of cyclopentanone produced
SOA with the highest O : C ratio (1.31) while oxidation of ETH
produced SOA with the lowest O : C ratio (average of 0.56). The
SOA O : C ratios are later shown to be useful in evaluating the
model used in this work.

3.3 Comparisons to gasoline SOA

The SOA mass yields for gasoline in our experiments (average of
2.0%) compared reasonably well with chamber data from Jathar
et al.17 and Chen et al.,60 who measured an SOA mass yield
between 1 and 4%, and modeled data from Gentner et al.,61 who
predicted an SOA mass yield of 2.3% (Jathar et al.17 and Gentner
et al.61 studied summertime California gasoline while Chen
et al.60 studied gasoline from China). Differences in the SOA
mass yields between the studies could be attributed to small
differences in the aromatic fraction and composition of the fuel
studied. Overall, when compared to gasoline, two of the Co-
Optima fuels – cyclopentanone and diisobutylene – had very
low SOA mass yields (#0.2%). The alkylfuran mixture had
a slightly lower SOAmass yield compared to gasoline (average of
1.6% versus average of 2.0%). ETH had an average SOA mass
yield of 11.5% that was six times higher than that for gasoline.
Purely from an SOA perspective and assuming equivalent
emissions of these species into the atmosphere, cyclopentanone
and diisobutylene appear to be ideal candidates to be blended
with gasoline. It is unclear if the alkylfuran mixture has any
benets over gasoline while ETH is likely to be a poor substitute.
These conclusions are based on the assumption that the
composition of the SOA precursors in the tailpipe is similar to
the composition of the unburned fuel.8,17 Future work may need
to examine the SOA formation from tailpipe exhaust.

3.4 Modeling the SOA formation and composition

We used the SOM-TOMAS model to t or predict the SOA
formation and composition in our chamber experiments while
correcting for the inuence of vapor wall losses. In the absence

of any historical data, SOM parameters were developed based
on representative chamber experiments performed on the
alkylfuran mixture, diisobutylene, and cyclopentanone. Results
from that exercise, where the model was t to reproduce the
evolution of the SOA mass concentrations, are shown in Fig. 2
(gasoline and ETH results are in Fig. 3). The SOM parameters
are presented in Table 2. The SOM parameters were able to
reproduce the measured SOA mass concentrations and O : C
ratio (within 30%) for all experiments. We should note that the
SOA O : C ratio was not used as a constraint during the tting
and the O : C agreement points to the ability of the SOM to
capture the general features of the oxidation chemistry. We
should note that the model performance for SOA mass
concentrations and O : C was much better for the alkylfuran
experiment compared to the diisobutylene and cyclopentanone
experiments. This could be partly attributed to the observed
variability and low SOA mass concentrations in the diisobuty-
lene and cyclopentanone experiments.

The SOM-TOMASmodel results for gasoline andETHare shown
in Fig. 3. Model predictions of the precursor contribution to the
end-of-experiment SOA for both experiments are also shown in
Fig. 3. A slightly different model conguration was used for the two
experiments to optimize the model-measurement comparison. For
the gasoline experiment, a model conguration that treated all C8

and higher single-ring aromatic compounds as low-yield aromatics
(based on ts to o-xylene experiments) seemed to work best in
reproducing the SOA mass concentration and O : C ratio. This
conguration, however, did not work with the ETH experiment,
and all C8 and higher single-ring aromatic compounds had to be
treated as high-yield aromatics (based on ts to m-xylene experi-
ments) to reproduce the measured SOA mass concentration and
O : C ratio. The treatment of PAHswas kept the same for both fuels.
The use of a xylene to model the SOA formation from C8 and larger
single-ring aromatic compounds is consistent with its treatment in
atmospheric models.39,41,62 That the single-ring aromatic
compounds had to be treated in slightly different ways suggests
that the aromatic composition between the two fuels was suffi-
ciently different that they exhibited different potentials to form

Fig. 2 SOM-TOMAS model predictions based on parameter fits (solid black lines) compared to measurements (symbols) of SOA mass
concentrations and SOA O : C for the (a) alkylfuran mixture, (b) diisobutylene, and (c) cyclopentanone. Model predictions for O : C are shown
only after the first half hour as they were found to be unreliable at earlier times when the SOA mass concentrations were lower than 0.5 mg m!3.
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ABSTRACT: Particle phase state is a property of atmospheric aerosols that
has important implications for the formation, evolution, and gas/particle
partitioning of secondary organic aerosol (SOA). In this work, we use a size-
resolved chemistry and microphysics model (Statistical Oxidation Model
coupled to the TwO Moment Aerosol Sectional (SOM-TOMAS)), updated to
include an explicit treatment of particle phase state, to constrain the bulk
diffusion coefficient (Db) of SOA produced from α-pinene ozonolysis. By
leveraging data from laboratory experiments performed in the absence of a
seed and under dry conditions, we find that the Db for SOA can be constrained
((1−7) × 10−15 cm2 s−1 in these experiments) by simultaneously reproducing
the time-varying SOA mass concentrations and the evolution of the particle size distribution. Another version of our model that used
the predicted SOA composition to calculate the glass-transition temperature, viscosity, and, ultimately, Db (∼10−15 cm2 s−1) of the
SOA was able to reproduce the mass and size distribution measurements when we included oligomer formation (oligomers
accounted for about a fifth of the SOA mass). Our work highlights the potential of a size-resolved SOA model to constrain the
particle phase state of SOA using historical measurements of the evolution of the particle size distribution.

1. INTRODUCTION
Secondary organic aerosol (SOA) accounts for a substantial
fraction of the submicron atmospheric aerosol burden and,
consequently, has impacts on climate, air quality, and human
health.1,2 The particle phase state is an important property that
likely affects the abundance and properties of atmospheric
SOA since it has been shown to exert control on the
equilibration timescale,3 multiphase chemistry,4,62 long-range
transport of organic pollutants,5,6,62 and formation of ice
clouds.7−9,62 However, there are large uncertainties in
quantifying the evolving phase state of SOA and this has
made it challenging to accurately represent the SOA phase
state and its impacts in atmospheric models.
Anthropogenic and biogenic SOA formed from the

oxidation of volatile organic compounds (VOCs) can be
semisolid or viscous under a wide range of atmospheric
conditions (0 < RH < 90% and T < 298 K).10 As a model
system, the SOA formed from the oxidation of α-pinene has
been extensively probed to study its phase state.11−18 The
particle phase state is often quantified using the dynamic
viscosity (ν; Pa·s) or the bulk diffusion coefficient (Db; cm2

s−1); they are related to each other via the Stokes−Einstein
equation ( = π νD kT

ab 6
, where k is the Boltzmann constant, T is

the temperature, and a is the effective molecular diameter).
The consensus seems to be that α-pinene-derived SOA is
unlikely to behave like a liquid when formed and sampled
under relatively dry conditions (RH < 30%) but the estimated

phase state range for this SOA spans over 6 orders of
magnitude; ν = 106−1012 Pa·s or Db = 10−15−10−21 cm2

s−1.11,13,14,16,18−20 Some of the uncertainty in the estimated
particle phase state can be attributed to differences in the
techniques used to probe the SOA. For instance, some have
collected the SOA onto a media (e.g., filters, microscopy grids)
and examined the flow properties of raw or reconstituted
particles to estimate the viscosity.13,16 Others have inferred
viscosity of suspended particles by studying the bounce
fraction on impaction plates12,15 and the time for particles to
coalesce.13,14 Finally, a handful of studies have estimated Db,
instead of viscosity, by investigating the growth/evaporation
kinetics of particles.17,18,21,22 Additional uncertainties in
previous estimates are also likely related to differences in the
SOA composition that result from different formation
conditions (e.g., chamber versus flow tube, fresh versus
aged) and mass concentrations.16 Regardless, current estimates
for ν and Db for α-pinene-derived SOA under dry conditions
translate to a mixing and equilibration timescale that spans
from a few minutes to several years. There appears to be a need
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particle phase state even when the SOA Db is near the upper
end (10−10−10−14 cm2 s−1) of the semisolid range (10−10−
10−18 cm2 s−1). The “critical” Db where the number size
distribution evolution began to change (10−14 cm2 s−1, in this
case) was likely to be lower in the nucleation experiment
because the kinetics of SOA condensation was primarily driven
by growth of nucleation and Aitken mode particles that are less
susceptible to the effects of bulk diffusion. If the experiments
were to be performed with absorbing seed particles in the
accumulation mode that had the same Db as the condensing
SOA, the critical Db would have very well been much higher
(>10−14 cm2 s−1).
The SOM-TOMAS model was applied to another α-pinene

ozonolysis nucleation experiment performed at lower initial O3
concentrations (100 ppbv; Figure S6). The findings from this
application were very similar to those discussed above and an
optimal Db of 4.4 × 10−15 cm2 s−1 was determined based on
simultaneously fitting the SOA mass concentration and the
evolution of the number size distribution. We explored the
sensitivity in the optimal Db by performing simulations and fits
with the vapor wall loss rate, size-dependent particle wall loss
rate, and f HOM, all doubled and halved. This sensitivity analysis,
presented in Figures S7−S9 for the 500 ppbv O3 experiment,
suggested that the optimal Db was tightly constrained between
1.4 × 10−15 and 7.1 × 10−15 cm2 s−1 for the uncertainty in
these three inputs.
The technique used to constrain Db in the nucleation

experiments did not work with the seeded experiments due to
the invariability in the predicted number size distribution with
different prescribed-Db values. We attributed this to the
relatively uniform SOA coating thickness around the
ammonium sulfate core in these particular seeded experiments.
The simulation results are shown in Figures S10−S12, and the
results are described in Section S6.
The results from application of the endogenous-Db version

of the SOM-TOMAS modelwhere Db was calculated from
predictions of the SOA compositionto the α-pinene
ozonolysis nucleation experiment with 500 ppbv O3 are
presented in Figure 2. To note, we used the optimal SOM
parameters from Figure 1 and determined a kf−kr pair that
reproduced the time-varying SOA mass concentrations. This,
in essence, optimized the oligomer production to approx-

imately reproduce the same SOA Db as the optimal Db
identified in Figure 1.
The fitting resulted in kr values of 1.1 × 10−3 s−1 and 1.6 ×

10−2 s−1 for the slower and faster oligomerization schemes,
respectively, and produced very similar predictions in the SOA
O/C (Figure 2c) that agreed well with the measurements.
Increasing the kf to values larger than 10−24 cm3 molecule s−1

produced too low of an initial Db (<10−19 cm2 s−1) from a large
oligomer fraction to condense any oxidation products apart
from the HOM. A kf value lower than 10−25 cm3 molecule s−1

(and down to ∼0) produced too high of an initial Db (>10−13

cm2 s−1) from very few oligomers to agree with the evolution
in the number size distribution. The model-measurement
comparison for the SOA mass concentration and the number
size distribution seemed to bound the kf−kr ranges, which were
generally found to be consistent with those reported in the
literature.54−56 The oligomer mass concentrations and
temporal profiles were consistent between the slower and
faster schemes and the oligomers were between 15 and 21% of
the total SOA by the end of the experiment. This oligomer
mass fraction, although slightly on the lower side, was
consistent with previously measured oligomer fractions in α-
pinene ozonolysis SOA in chamber and flow tube experiments
(30−75%).18,46 In contrast to the results shown in Figure 1,
where Db was prescribed and remained constant throughout
the experiment, Db, shown in Figure 2d, changed with time but
remained between 10−15 and 10−14 cm2 s−1. The average
model-predicted Db values during the first two hours of the
simulations were 2.4 × 10−15 and 1.5 × 10−15 cm2 s−1 for the
slower and faster oligomerization schemes, respectively. In
summary, by knowing the SOA Db from earlier simulations and
using the semiempirical approach proposed by Shiraiwa and
co-workers,29,41−43 we were able to constrain the formation of
high-molecular-weight oligomers that were contributing to the
semisolid phase state of SOA. This finding would need to be
validated in the future with explicit measurements of oligomers
in SOA.
Additional simulations were performed with the size-

dependent, endogenous-Db model to study its impacts on
SOA formation and the particle size distribution; the
simulation results are shown in Figure S13. For the kf−kr
pairs that reproduced the SOA mass concentrations, we found
that these simulations failed to reproduce observations of the

Table 1. Estimates of Db from This Work Compared to Historical Estimates under Dry Conditions for α-Pinene-Derived
SOAa

reference oxidant SOA formed in RH (%)
max. SOA mass conc.

(μg m−3) Db (cm2 s−1) Db estimated using

this work O3 13 m3 chamber at <5%
RH

<5 60−80 1−7 × 10−15 evolution of the particle size
distribution

Zaveri et al.18 OH 10.6 m3 chamber at
32% RH

32 110 2.5 × 10−15 growth of SOA on different sized
particles

Abramson et al.19 O3 0.1 m3 chamber at
∼0% RH

∼0 NMb 2.5 × 10−17 evaporation of pyrene trapped inside
SOA

Zhou et al.20 O3 flow tube at <5% RH ∼0 NMb 2 × 10−14 oxidation of benzo[a]pyrene trapped
inside SOA

Renbaum-Wolff et
al.11

O3 flow tube at <5% RH 0−30 50 <10−17 flow properties of large SOA particles

Pajunoja et al.13 O3 6 m3 chamber at 35%
RH

<20 3−15 >3 × 10−21 coalescence time of individual
particlesOH <3 × 10−21

Zhang et al.14 O3 flow tube at <5% RH <5 70 6 × 10−18 change in particle shape factor
Grayson et al.16 O3 flow tube at <5% RH 0.5 14 000 2 × 10−15−7 × 10−14 flow properties of large SOA particles

chamber at <5% RH 0.5 121 6 × 10−17−5 × 10−15

aWhen not directly available, the Db was estimated from the viscosity using the Stokes−Einstein equation. bNM = not mentioned.
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simultaneously fitting the SOA mass concentration and the
evolution of the number size distribution. We explored the
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the invariability in the predicted number size distribution with
different prescribed-Db values. We attributed this to the
relatively uniform SOA coating thickness around the
ammonium sulfate core in these particular seeded experiments.
The simulation results are shown in Figures S10−S12, and the
results are described in Section S6.
The results from application of the endogenous-Db version

of the SOM-TOMAS modelwhere Db was calculated from
predictions of the SOA compositionto the α-pinene
ozonolysis nucleation experiment with 500 ppbv O3 are
presented in Figure 2. To note, we used the optimal SOM
parameters from Figure 1 and determined a kf−kr pair that
reproduced the time-varying SOA mass concentrations. This,
in essence, optimized the oligomer production to approx-

imately reproduce the same SOA Db as the optimal Db
identified in Figure 1.
The fitting resulted in kr values of 1.1 × 10−3 s−1 and 1.6 ×

10−2 s−1 for the slower and faster oligomerization schemes,
respectively, and produced very similar predictions in the SOA
O/C (Figure 2c) that agreed well with the measurements.
Increasing the kf to values larger than 10−24 cm3 molecule s−1

produced too low of an initial Db (<10−19 cm2 s−1) from a large
oligomer fraction to condense any oxidation products apart
from the HOM. A kf value lower than 10−25 cm3 molecule s−1

(and down to ∼0) produced too high of an initial Db (>10−13

cm2 s−1) from very few oligomers to agree with the evolution
in the number size distribution. The model-measurement
comparison for the SOA mass concentration and the number
size distribution seemed to bound the kf−kr ranges, which were
generally found to be consistent with those reported in the
literature.54−56 The oligomer mass concentrations and
temporal profiles were consistent between the slower and
faster schemes and the oligomers were between 15 and 21% of
the total SOA by the end of the experiment. This oligomer
mass fraction, although slightly on the lower side, was
consistent with previously measured oligomer fractions in α-
pinene ozonolysis SOA in chamber and flow tube experiments
(30−75%).18,46 In contrast to the results shown in Figure 1,
where Db was prescribed and remained constant throughout
the experiment, Db, shown in Figure 2d, changed with time but
remained between 10−15 and 10−14 cm2 s−1. The average
model-predicted Db values during the first two hours of the
simulations were 2.4 × 10−15 and 1.5 × 10−15 cm2 s−1 for the
slower and faster oligomerization schemes, respectively. In
summary, by knowing the SOA Db from earlier simulations and
using the semiempirical approach proposed by Shiraiwa and
co-workers,29,41−43 we were able to constrain the formation of
high-molecular-weight oligomers that were contributing to the
semisolid phase state of SOA. This finding would need to be
validated in the future with explicit measurements of oligomers
in SOA.
Additional simulations were performed with the size-

dependent, endogenous-Db model to study its impacts on
SOA formation and the particle size distribution; the
simulation results are shown in Figure S13. For the kf−kr
pairs that reproduced the SOA mass concentrations, we found
that these simulations failed to reproduce observations of the
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•Previous literature points to !-pinene SOA being 
semi-solid/viscous under low RH (0-30%) conditions

Tar Pitch 
Db = 10-16 cm2 s-1

Tar Pitch 
Db=10-16 cm2 s-1

•Previous literature points to 𝛼-pinene SOA being semi-solid/viscous 
under low RH (0-30%) conditions 
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Figure 1. Schematic of the gas-particle mass-transfer process, with
both diffusion and reaction occurring inside the particle phase.

actual particle-phase reactions that are important for SOA
formation. In Sect. 4, we apply the model to evaluate the
timescale of SOA partitioning and the associated evolution
of the number and composition size distributions for a range
of solute volatilities, bulk diffusivities, and particle-phase re-
action rates. We close with a summary of our findings and
their implications.

2 Dynamics of diffusion and reaction within a particle

Consider an organic solute i that diffuses from the gas phase
to a single spherical organic aerosol particle and reacts irre-
versibly with a pseudo-first-order rate constant kc (s�1) as
it diffuses inside the particle. This process is illustrated in
Fig. 1 using three species (P1, P2, and P3) for simplicity.
The organic solute P1 diffuses and reacts to form a non-
volatile species P2 inside an organic particle (of radius Rp)
that is initially composed of a nonvolatile organic species P3.
The solute’s gas-phase concentrations far away from the par-
ticle (i.e., in the bulk gas-phase) and just above the parti-
cle surface are Cg and C

s
g (mol cm�3(air)), respectively. The

solute’s particle-phase concentration just inside the particle
surface and at any location in the bulk of the particle are de-
noted as As and A (mol cm�3(particle)), respectively. The
gas- and particle-phase diffusivities of the solute are Dg and
Db (cm2 s�1), respectively.
In this section we shall focus on the dynamics of diffu-

sion and reaction inside the particle. In order to derive the
timescales relevant to this problem, the particle, initially free
of the organic solute (i.e., at time t = 0), is assumed to be
exposed to a constant concentration just inside the particle
surface, Asi , at all times t > 0 (this assumption will be re-
laxed in Sect. 3 where we will relate the temporally chang-
ing gas-phase concentration of the solute to its particle-phase

concentration). Assuming that the diffusive flux of the solute
into the particle follows Fick’s law, the transient partial dif-
ferential equation describing the particle-phase concentration
Ai(r, t) as a function of radius r and time t can be written as
@Ai(r, t)

@t
= Db,i

1
r2

@

@r

✓
r2

@Ai(r, t)

@r

◆
� kc,iAi(r, t). (1)

The particle is assumed to be spherically symmetrical with
respect to the concentration profiles of the organic solute in
the particle at any given time, so the concentration gradient
at the center of the particle (i.e., r = 0) is always zero. These
assumptions give rise to the following initial and boundary
conditions:

I.C. : Ai(r,0) = 0, (2a)

B.C.1 : Ai(Rp, t) = Asi , (2b)

B.C.2 : @Ai(0, t)
@r

= 0. (2c)

Equation (1), with conditions (Eq. 2), can be analytically
solved by first solving the pure diffusion problem in the ab-
sence of reaction (Carslaw and Jaeger, 1959; Crank, 1975)
and then extending the solution to the case of first-order
chemical reaction using the method of Danckwerts (1951)
to yield the solution

Ai(r,t)
Asi

= Rp
r

sinh(qi r/Rp)
sinh(qi )

+
2Rp
⇡r

1P
n=1

(�1)nnsin(n⇡r/Rp)

(qi/⇡)2+n2
exp

⇢
�

✓
kc,i + n2⇡2Db,i

R2p

◆
t

�
, (3)

where qi is a dimensionless diffusion–reaction parameter de-
fined as the ratio of the particle radius Rp to the so-called
reacto-diffusive length

p
Db,i/kc,i (Pöschl et al., 2007):

qi = Rp

s
kc,i
Db,i

. (4)

It should be noted that this solution assumes that Rp remains
constant with time, so diffusion of additional material into
the particle is relatively small (this assumption will also be
relaxed in Sect. 3). It is also worth noting here that in glassy
particles, the diffusion fronts of plasticzing agents (such as
water) may move linearly inward, leading to a linear depen-
dence on Rp instead of R2p in Fickian diffusion (Zobrist et al.,
2011).
Now, the timescale for Fickian diffusion of the dissolved

solute i in the particle, ⌧da, and the timescale for chemical
reaction, ⌧c, (Seinfeld and Pandis, 2006) are defined as

⌧da,i =
R2p

⇡2Db,i
, (5)

⌧c,i = 1
kc,i

. (6)
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“But where are the equations?!”

directly led to the formation of HOM with a fixed molar yield
( fHOM) and a C* of 10−4 μg m−3; species with volatilities this
low are effectively nonvolatile. Based on the work of Jokinen et
al.,39 we used a molar yield of 3.4%, or equivalently a mass
yield of 7.9%, to model HOM formation from α-pinene
ozonolysis. We ensured that the sum of pf,1 through pf,4 and
fHOM was exactly equal to 1.
This version of the SOM-TOMAS model, which included

functionalization reactions and formation of HOMs, was
updated to account for the influence of the particle phase
state on kinetic gas/particle partitioning (Section 2.4). In this
version, the Db for the SOA was specified a priori and,
hereafter, this is referred to as the prescribed-Db version.
2.3. Endogenous-Db Model and Updates for Particle

Phase Reactions. We developed a separate endogenous-Db
version of the SOM-TOMAS model in which the Db was
calculated based on the simulated, evolving chemical
composition of SOA. The Db was calculated following the
semiempirical framework developed by Shiraiwa and co-
workers,29,41−43 the equations for which are described in the
Supporting Information (Section S3). Briefly, the molecular
weights and O/C ratios of the condensed model species were
used to estimate the glass-transition temperature (Tg) for the
model species and these Tgs were weighted by their mass
fraction to calculate the average Tg,org for the SOA mixture.
Using a fragility parameter set to 10, we estimated the viscosity
(ν) using Angell44 and then Db from ν using the fractional
Stokes−Einstein relation.45 A single time-evolving Db value
was calculated for all SOA and applied to all particle size
sections. A separate model was developed that calculated a
size-dependent Db and was used to perform sensitivity
simulations.
High-molecular-weight oligomers have been frequently

observed in SOA from α-pinene ozonolysis46,47 and are likely
to exert a strong influence on the particle phase state. To
account for the influence of oligomers on Db, we included an
oligomerization scheme in the endogenous-Db model, with
reversible oligomer formation and dissociation, characterized
by a forward reaction rate (kf, cm3 molecule−1 s−1) and reverse
reaction rate (kr, s

−1), respectively. Only dimer formation and
dissociation were included, assumed to represent general
oligomer formation. Serving as monomers, the four function-
alized oxidation products, in all combinations, were allowed to
form dimers and we assumed that the dimers decomposed
back into the same monomer pair that the dimer was formed
from. Depending on the ΔLVP, the monomers included both
semivolatile and low-volatility species. HOM were excluded
from oligomerization reactions since there is little evidence for
HOM participating in additional particle phase reactions.37 kf
was specified and kr was treated as an adjustable parameter.
This oligomerization scheme was similar to that described in
Trump and Donahue48 and the equations are as follows

∑= · · − ·
O

t
k M M k O

d

d
i j

k

i

k j i j i j
,

f , , r ,

max

(1)

∑= · − · ·
M

t
k k M M

d

d
Oi j

i j
k

i

i j k j
,

r , f , ,

max

(2)

where M and O are the monomer and dimer concentrations in
the particle phase in molecules per cm3 of particle volume,
respectively; i and k are the species and j is the size bin. We
also calculated the first-order loss rate of the condensing

species in the particle phase to oligomerization reactions, ki,jc

(s−1). ki,jc is calculated assuming that the dimer mass is in
pseudo-steady state with the monomer mass

∑= · − ·k k M k
O
Mi j

k

i

k j
i j

i j
,
c

f , r
,

,

max

(3)

2.4. Representing the Influence of Particle Phase
State on Gas/Particle Partitioning. In the SOM-TOMAS
model, the influence of Db on the kinetic gas/particle
partitioning of SOA was implemented using the diffusion-
reactive framework of Zaveri et al.23 Depending on the first-
order chemical loss rate (ki,jc ) of the model species in the
particle phase, the differential equations used to model the
condensation and evaporation of a species i, for a polydisperse
size distribution, can take on different forms. For a slow
particle phase reaction (ki,jc < 0.01 s−1)

∑ π= − · · · − *C
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where Ci
g is the gas-phase concentration of the species i in μg

m−3, Ci,j
p is the particle phase concentration of the species i in

size bin j in μg m−3, Rj
p is the radius of the particle in size bin j

in m, Nj
p is the particle number concentration in size bin j m−3,

Ki,j is the overall gas-side mass transfer coefficient for species i
in size bin j in m s−1, SOAj is the total SOA mass concentration
in size bin j in μg m−3, Ci* is the effective saturation
concentration of species i in μg m−3, and Sj is the Kelvin ratio
(Section S4). Ki,j is calculated as follows:
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where ki,jg is the gas-side mass transfer coefficient for species i in
size bin j in m s−1, ki,jp is the particle-side mass transfer
coefficient in m s−1, ρp is the SOA density in kg m−3, FSi,j is the
Fuchs−Sutugin correction factor (Section S4), qi,j is a unitless
diffusion-reaction parameter for species i in size bin j, and Qi,j is
the ratio of the average bulk concentration of species i to its
concentration at the particle surface at steady state for size bin
j. We should note that eq 8 shows the formulation of ki,jp for a
well-mixed particle where diffusion of the condensing species
occurs across the entire particle radius. However, to simulate
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directly led to the formation of HOM with a fixed molar yield
( fHOM) and a C* of 10−4 μg m−3; species with volatilities this
low are effectively nonvolatile. Based on the work of Jokinen et
al.,39 we used a molar yield of 3.4%, or equivalently a mass
yield of 7.9%, to model HOM formation from α-pinene
ozonolysis. We ensured that the sum of pf,1 through pf,4 and
fHOM was exactly equal to 1.
This version of the SOM-TOMAS model, which included

functionalization reactions and formation of HOMs, was
updated to account for the influence of the particle phase
state on kinetic gas/particle partitioning (Section 2.4). In this
version, the Db for the SOA was specified a priori and,
hereafter, this is referred to as the prescribed-Db version.
2.3. Endogenous-Db Model and Updates for Particle

Phase Reactions. We developed a separate endogenous-Db
version of the SOM-TOMAS model in which the Db was
calculated based on the simulated, evolving chemical
composition of SOA. The Db was calculated following the
semiempirical framework developed by Shiraiwa and co-
workers,29,41−43 the equations for which are described in the
Supporting Information (Section S3). Briefly, the molecular
weights and O/C ratios of the condensed model species were
used to estimate the glass-transition temperature (Tg) for the
model species and these Tgs were weighted by their mass
fraction to calculate the average Tg,org for the SOA mixture.
Using a fragility parameter set to 10, we estimated the viscosity
(ν) using Angell44 and then Db from ν using the fractional
Stokes−Einstein relation.45 A single time-evolving Db value
was calculated for all SOA and applied to all particle size
sections. A separate model was developed that calculated a
size-dependent Db and was used to perform sensitivity
simulations.
High-molecular-weight oligomers have been frequently

observed in SOA from α-pinene ozonolysis46,47 and are likely
to exert a strong influence on the particle phase state. To
account for the influence of oligomers on Db, we included an
oligomerization scheme in the endogenous-Db model, with
reversible oligomer formation and dissociation, characterized
by a forward reaction rate (kf, cm3 molecule−1 s−1) and reverse
reaction rate (kr, s

−1), respectively. Only dimer formation and
dissociation were included, assumed to represent general
oligomer formation. Serving as monomers, the four function-
alized oxidation products, in all combinations, were allowed to
form dimers and we assumed that the dimers decomposed
back into the same monomer pair that the dimer was formed
from. Depending on the ΔLVP, the monomers included both
semivolatile and low-volatility species. HOM were excluded
from oligomerization reactions since there is little evidence for
HOM participating in additional particle phase reactions.37 kf
was specified and kr was treated as an adjustable parameter.
This oligomerization scheme was similar to that described in
Trump and Donahue48 and the equations are as follows
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where M and O are the monomer and dimer concentrations in
the particle phase in molecules per cm3 of particle volume,
respectively; i and k are the species and j is the size bin. We
also calculated the first-order loss rate of the condensing

species in the particle phase to oligomerization reactions, ki,jc

(s−1). ki,jc is calculated assuming that the dimer mass is in
pseudo-steady state with the monomer mass
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2.4. Representing the Influence of Particle Phase
State on Gas/Particle Partitioning. In the SOM-TOMAS
model, the influence of Db on the kinetic gas/particle
partitioning of SOA was implemented using the diffusion-
reactive framework of Zaveri et al.23 Depending on the first-
order chemical loss rate (ki,jc ) of the model species in the
particle phase, the differential equations used to model the
condensation and evaporation of a species i, for a polydisperse
size distribution, can take on different forms. For a slow
particle phase reaction (ki,jc < 0.01 s−1)
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where Ci
g is the gas-phase concentration of the species i in μg

m−3, Ci,j
p is the particle phase concentration of the species i in

size bin j in μg m−3, Rj
p is the radius of the particle in size bin j

in m, Nj
p is the particle number concentration in size bin j m−3,

Ki,j is the overall gas-side mass transfer coefficient for species i
in size bin j in m s−1, SOAj is the total SOA mass concentration
in size bin j in μg m−3, Ci* is the effective saturation
concentration of species i in μg m−3, and Sj is the Kelvin ratio
(Section S4). Ki,j is calculated as follows:

ρ= +
*

K k k
C1 1 1

i j i j i j

i

, ,
g

,
p

p

i
k
jjjjjjj y

{
zzzzzzz (6)

=
·

k
D FS

Ri j
i i j

j
,
g

g
,

p
(7)

=
−

−k
D
R

q q

Q

coth 1

1i j
j

i j i j

i j
,
p b

p
, ,

,

i
k
jjjjjjj y

{
zzzzzzz (8)

=q R
k
Di j j

i j
,

p ,
c

b (9)

=
−

Q
q q

q
3

coth ( ) 1
i j

i j i j

i j
,

, ,

,
2

i
k
jjjjjjj y

{
zzzzzzz

(10)

where ki,jg is the gas-side mass transfer coefficient for species i in
size bin j in m s−1, ki,jp is the particle-side mass transfer
coefficient in m s−1, ρp is the SOA density in kg m−3, FSi,j is the
Fuchs−Sutugin correction factor (Section S4), qi,j is a unitless
diffusion-reaction parameter for species i in size bin j, and Qi,j is
the ratio of the average bulk concentration of species i to its
concentration at the particle surface at steady state for size bin
j. We should note that eq 8 shows the formulation of ki,jp for a
well-mixed particle where diffusion of the condensing species
occurs across the entire particle radius. However, to simulate
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directly led to the formation of HOM with a fixed molar yield
( fHOM) and a C* of 10−4 μg m−3; species with volatilities this
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al.,39 we used a molar yield of 3.4%, or equivalently a mass
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fHOM was exactly equal to 1.
This version of the SOM-TOMAS model, which included

functionalization reactions and formation of HOMs, was
updated to account for the influence of the particle phase
state on kinetic gas/particle partitioning (Section 2.4). In this
version, the Db for the SOA was specified a priori and,
hereafter, this is referred to as the prescribed-Db version.
2.3. Endogenous-Db Model and Updates for Particle

Phase Reactions. We developed a separate endogenous-Db
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composition of SOA. The Db was calculated following the
semiempirical framework developed by Shiraiwa and co-
workers,29,41−43 the equations for which are described in the
Supporting Information (Section S3). Briefly, the molecular
weights and O/C ratios of the condensed model species were
used to estimate the glass-transition temperature (Tg) for the
model species and these Tgs were weighted by their mass
fraction to calculate the average Tg,org for the SOA mixture.
Using a fragility parameter set to 10, we estimated the viscosity
(ν) using Angell44 and then Db from ν using the fractional
Stokes−Einstein relation.45 A single time-evolving Db value
was calculated for all SOA and applied to all particle size
sections. A separate model was developed that calculated a
size-dependent Db and was used to perform sensitivity
simulations.
High-molecular-weight oligomers have been frequently

observed in SOA from α-pinene ozonolysis46,47 and are likely
to exert a strong influence on the particle phase state. To
account for the influence of oligomers on Db, we included an
oligomerization scheme in the endogenous-Db model, with
reversible oligomer formation and dissociation, characterized
by a forward reaction rate (kf, cm3 molecule−1 s−1) and reverse
reaction rate (kr, s

−1), respectively. Only dimer formation and
dissociation were included, assumed to represent general
oligomer formation. Serving as monomers, the four function-
alized oxidation products, in all combinations, were allowed to
form dimers and we assumed that the dimers decomposed
back into the same monomer pair that the dimer was formed
from. Depending on the ΔLVP, the monomers included both
semivolatile and low-volatility species. HOM were excluded
from oligomerization reactions since there is little evidence for
HOM participating in additional particle phase reactions.37 kf
was specified and kr was treated as an adjustable parameter.
This oligomerization scheme was similar to that described in
Trump and Donahue48 and the equations are as follows
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the particle phase in molecules per cm3 of particle volume,
respectively; i and k are the species and j is the size bin. We
also calculated the first-order loss rate of the condensing
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reactive framework of Zaveri et al.23 Depending on the first-
order chemical loss rate (ki,jc ) of the model species in the
particle phase, the differential equations used to model the
condensation and evaporation of a species i, for a polydisperse
size distribution, can take on different forms. For a slow
particle phase reaction (ki,jc < 0.01 s−1)
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where Ci
g is the gas-phase concentration of the species i in μg

m−3, Ci,j
p is the particle phase concentration of the species i in

size bin j in μg m−3, Rj
p is the radius of the particle in size bin j

in m, Nj
p is the particle number concentration in size bin j m−3,

Ki,j is the overall gas-side mass transfer coefficient for species i
in size bin j in m s−1, SOAj is the total SOA mass concentration
in size bin j in μg m−3, Ci* is the effective saturation
concentration of species i in μg m−3, and Sj is the Kelvin ratio
(Section S4). Ki,j is calculated as follows:
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where ki,jg is the gas-side mass transfer coefficient for species i in
size bin j in m s−1, ki,jp is the particle-side mass transfer
coefficient in m s−1, ρp is the SOA density in kg m−3, FSi,j is the
Fuchs−Sutugin correction factor (Section S4), qi,j is a unitless
diffusion-reaction parameter for species i in size bin j, and Qi,j is
the ratio of the average bulk concentration of species i to its
concentration at the particle surface at steady state for size bin
j. We should note that eq 8 shows the formulation of ki,jp for a
well-mixed particle where diffusion of the condensing species
occurs across the entire particle radius. However, to simulate
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Mass transfer 
affected by Db

Dimer formation

Zaveri et al., ACP, 2014

•SOM-TOMAS was updated to simulate (i) gas/particle partitioning influenced by 
the particle phase state and (ii) formation/dissociation of dimers
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•Prescribing the diffusion coefficient (Db) has little influence on SOA formation 
or composition but produces differences in the evolution of the size distribution

the seeded experiments, we derived an updated formula for ki,jp

where the diffusion of the condensing species occurred across
an organic shell around an ammonium sulfate core (derivation
in Section S5). For a fast particle phase reaction (ki,jc > 0.01
s−1)
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For a liquidlike aerosol when Db is greater than 10−10 cm2

s−1, eqs 4, 11 and 5, 12 resemble the condensation/evaporation
equation expressed in the continuum regime.49

2.5. Simulations. The following three sets of simulations
were performed to constrain the Db of the SOA formed from
α-pinene ozonolysis. First, the SOM parameters (pf,1−4 and
ΔLVP with f HOM = 3.4%) were fit to reproduce the time-
varying SOA mass concentrations in the nucleation experi-
ments for a prescribed-Db value, that ranged between 10−6 and
10−19 cm2 s−1. Predictions of the SOA O/C and particle size
distribution from these simulations were compared with
measurements. Second, to determine an optimal fit, the
SOM parameters (pf,1−4 and ΔLVP with fHOM = 3.4%) and
Db were fit to simultaneously reproduce the time-varying SOA
mass concentrations and particle size distribution in the
nucleation experiments. Third, using the optimal SOM
parameters determined in the second set of simulations, we
simulated the nucleation experiments using the endogenous-Db
model. kf was fixed at either 10−24 cm3 molecule−1 s−1 (faster
reaction) or 10−25 cm3 molecule−1 s−1 (slower reaction), and kr
was adjusted to reproduce the time-varying SOA mass
concentrations. In essence, we determined a kf−kr pair to
optimize oligomer formation that then approximately
produced the same Db as that determined in the optimal fit.
Finally, the endogenous-Db model was used to study the
impact of a size-dependent Db on the evolution of the particle
size distribution. For the first two sets, the simulations and
their evaluations were done separately for the 100 and 500

ppbv O3 experiments. The first set was also applied to simulate
SOA formation in the seeded experiments. All model
predictions were compared to measurements for the
suspended aerosol since the model inherently accounted for
size-dependent losses of particles and losses of vapors to the
chamber walls.

3. RESULTS
Results from application of the prescribed-Db version of the
SOM-TOMAS model to the α-pinene ozonolysis nucleation
experiment with 500 ppbv O3 are presented in Figure 1. A
unique set of SOM parameters (pf,1−4 and ΔLVP with f HOM =
3.4%) was developed for each prescribed-Db that reproduced
the time-varying SOA mass concentrations (Figure 1a; solid
lines); the SOM parameters from these fits are tabulated in
Table S2. However, the use of different Db values produced a
significantly different evolution of the particle number size
distribution. In Figure 1b, we compare the predicted and
measured number size distribution at 3 h after the start of the
ozonolysis experiment. The simulations showed that the use of
a higher Db (>10−14 cm2 s−1) produced a broader distribution
while a lower Db (<10−15 cm2 s−1) produced a narrower
distribution. As the Db values were varied between 10−14 and
10−15 cm2 s−1, the simulations produced a distribution that
progressively transitioned between the broad and narrow
number size distributions observed at the two extremes (Figure
S2). These results can be explained by understanding the size-
resolved dynamics of SOA condensation that changed with the
different prescribed-Db values.
Smaller particles exhibit shorter timescales for bulk particle

phase diffusion and hence condensation of SOA onto
nucleation and Aitken mode sizes was not significantly affected
by changes in Db. For instance, for a 10 nm particle, τdiff varies
between 2.5 and 25 s for Db values between 10−14 and 10−15

cm2 s−1, respectively. In contrast, larger particles exhibit longer
timescales for bulk diffusion, which resulted in accumulation of
the species at the particle surface and limited additional
condensation for accumulation mode particles with the use of a
lower Db. For a 200 nm particle, τdiff varies between 17 min
and 3 h for Db values between 10−14 and 10−15 cm2 s−1,
respectively. Furthermore, the use of a lower Db resulted in

Figure 1. Results from the SOM-TOMAS model for (a) SOA mass concentration, (b) number size distribution at 3 h, and (c) O/C ratio
compared to measurements for a range of prescribed-Db (cm2 s−1) values. Results are for the 500 ppbv O3, nucleation experiment. The dashed red
line shows model predictions from the optimal fit when constrained to both the SOA mass concentration and number size distribution. The O/C
data are only shown 30 min after the start of the experiment because the O/C measurements are fairly uncertain in the first 30 min when the SOA
mass concentrations are quite low. The gray bands in (b) and (c) depict ± 1σ.
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•Prescribing the diffusion coefficient (Db) has little influence on SOA formation 
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the seeded experiments, we derived an updated formula for ki,jp

where the diffusion of the condensing species occurred across
an organic shell around an ammonium sulfate core (derivation
in Section S5). For a fast particle phase reaction (ki,jc > 0.01
s−1)
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For a liquidlike aerosol when Db is greater than 10−10 cm2

s−1, eqs 4, 11 and 5, 12 resemble the condensation/evaporation
equation expressed in the continuum regime.49

2.5. Simulations. The following three sets of simulations
were performed to constrain the Db of the SOA formed from
α-pinene ozonolysis. First, the SOM parameters (pf,1−4 and
ΔLVP with f HOM = 3.4%) were fit to reproduce the time-
varying SOA mass concentrations in the nucleation experi-
ments for a prescribed-Db value, that ranged between 10−6 and
10−19 cm2 s−1. Predictions of the SOA O/C and particle size
distribution from these simulations were compared with
measurements. Second, to determine an optimal fit, the
SOM parameters (pf,1−4 and ΔLVP with fHOM = 3.4%) and
Db were fit to simultaneously reproduce the time-varying SOA
mass concentrations and particle size distribution in the
nucleation experiments. Third, using the optimal SOM
parameters determined in the second set of simulations, we
simulated the nucleation experiments using the endogenous-Db
model. kf was fixed at either 10−24 cm3 molecule−1 s−1 (faster
reaction) or 10−25 cm3 molecule−1 s−1 (slower reaction), and kr
was adjusted to reproduce the time-varying SOA mass
concentrations. In essence, we determined a kf−kr pair to
optimize oligomer formation that then approximately
produced the same Db as that determined in the optimal fit.
Finally, the endogenous-Db model was used to study the
impact of a size-dependent Db on the evolution of the particle
size distribution. For the first two sets, the simulations and
their evaluations were done separately for the 100 and 500

ppbv O3 experiments. The first set was also applied to simulate
SOA formation in the seeded experiments. All model
predictions were compared to measurements for the
suspended aerosol since the model inherently accounted for
size-dependent losses of particles and losses of vapors to the
chamber walls.

3. RESULTS
Results from application of the prescribed-Db version of the
SOM-TOMAS model to the α-pinene ozonolysis nucleation
experiment with 500 ppbv O3 are presented in Figure 1. A
unique set of SOM parameters (pf,1−4 and ΔLVP with f HOM =
3.4%) was developed for each prescribed-Db that reproduced
the time-varying SOA mass concentrations (Figure 1a; solid
lines); the SOM parameters from these fits are tabulated in
Table S2. However, the use of different Db values produced a
significantly different evolution of the particle number size
distribution. In Figure 1b, we compare the predicted and
measured number size distribution at 3 h after the start of the
ozonolysis experiment. The simulations showed that the use of
a higher Db (>10−14 cm2 s−1) produced a broader distribution
while a lower Db (<10−15 cm2 s−1) produced a narrower
distribution. As the Db values were varied between 10−14 and
10−15 cm2 s−1, the simulations produced a distribution that
progressively transitioned between the broad and narrow
number size distributions observed at the two extremes (Figure
S2). These results can be explained by understanding the size-
resolved dynamics of SOA condensation that changed with the
different prescribed-Db values.
Smaller particles exhibit shorter timescales for bulk particle

phase diffusion and hence condensation of SOA onto
nucleation and Aitken mode sizes was not significantly affected
by changes in Db. For instance, for a 10 nm particle, τdiff varies
between 2.5 and 25 s for Db values between 10−14 and 10−15

cm2 s−1, respectively. In contrast, larger particles exhibit longer
timescales for bulk diffusion, which resulted in accumulation of
the species at the particle surface and limited additional
condensation for accumulation mode particles with the use of a
lower Db. For a 200 nm particle, τdiff varies between 17 min
and 3 h for Db values between 10−14 and 10−15 cm2 s−1,
respectively. Furthermore, the use of a lower Db resulted in

Figure 1. Results from the SOM-TOMAS model for (a) SOA mass concentration, (b) number size distribution at 3 h, and (c) O/C ratio
compared to measurements for a range of prescribed-Db (cm2 s−1) values. Results are for the 500 ppbv O3, nucleation experiment. The dashed red
line shows model predictions from the optimal fit when constrained to both the SOA mass concentration and number size distribution. The O/C
data are only shown 30 min after the start of the experiment because the O/C measurements are fairly uncertain in the first 30 min when the SOA
mass concentrations are quite low. The gray bands in (b) and (c) depict ± 1σ.
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•Steady oligomer formation increases the Tg (glass transition temperature) and, 
hence, lowers the Db of the particle phase

enhanced formation of lower-volatility species, which were
necessary to reproduce the observed SOA formation under
bulk diffusion limitations (Figure S3). Lower-volatility species,
regardless of the Db, condense irreversibly on all particle sizes
with the diameter growth rate having no dependence on
particle size in the kinetic regime and slowing with increasing
size in the transition regime. Overall, a lower Db resulted in a
relatively faster diameter growth rate for the smaller particles
compared to the larger particles and this produced the distinct
number size distributions shown in Figure 1b. This finding is
generally consistent with previous theoretical and experimental
studies that have observed a similar narrowing in the number
size distribution with the use of a lower Db and/or lower C* of
the condensing species.17,18,23,26,50−52

The prescribed-Db simulations indicated that a Db value
between 10−15 and 10−14 cm2 s−1, a range that reflects a
semisolid particle phase state, might reproduce the observed
evolution in the number size distribution. When the SOM-
TOMAS model was used to fit both the SOM and Db to the
time-varying SOA mass concentrations and number size
distribution, the fitting produced a Db of 3.4 × 10−15 cm2

s−1; model predictions based on this fit are shown as a dashed
red line in Figure 1. Similar comparisons as shown in Figure 1b
at other times (e.g., 0.5, 1, and 5 h) are presented in the
Supporting Information(Figure S4), and these support the
findings presented here.
Simulations based on parameters for the different Db values

did not seem to produce large differences in the SOA O/C
ratio (Figure 1c), and the predictions were well within the
bounds of the measurements. Model predictions with Db
values equal to or smaller than the optimal value (3.4 ×
10−15 cm2 s−1) reproduced the general trend in the observed
SOA O/C ratio: an initial decrease and a gradual flattening
over time. We concluded that the SOA O/C data did not
contain information that could be used to constrain the Db
further and hence the O/C data were not used as part of the
fitting process. However, model predictions of the SOA O/C
were found to be sensitive to HOM production. Simulations
performed without the formation of HOM, but with fits that
reproduced the time-varying SOA mass concentrations,

resulted in an average SOA O/C of 0.39 between 2 and 5 h.
Although still within the uncertainty range in the measure-
ments, this was lower than the mean measured SOA O/C of
0.44 during the same time period. This suggests the need for
HOM to be explicitly accounted for in models to ensure
accurate predictions of SOA O/C.
Previous work has found that condensation of lower-

volatility material (C* < 10−4 μg m−3), including HOM, can
produce a similar narrowing in the particle size distribu-
tion,3,25,26 as seen in Figure 1b with the use of a lower Db. We
investigated if the observations could only be explained by the
production of low-volatility material (HOM in this case), but
assuming a liquidlike SOA. For a Db of 10−6 cm2 s−1, we
determined SOM parameters (pf,1−4, ΔLVP) for several
predefined values of f HOM (3.4, 7, 10, and 20%) that
reproduced the time-varying SOA mass concentrations. We
found that while an increase in the production of HOM
produced slight variations in the number size distribution at 3
h, none of the model predictions compared well with the
observations (Figure S5). Further, the use of a larger fHOM
resulted in a relatively weaker comparison for the SOA mass
concentration and O/C ratio. For the largest f HOM (20%), the
model formed SOA too rapidly and overpredicted the SOA O/
C. These simulation results suggest that the SOA volatility was
much less influential than the phase state in controlling the
evolution of the particle size distribution and provided further
evidence that α-pinene-derived SOA was semisolid with a Db
between 10−14 and 10−15 cm2 s−1.
In Figure 1, we chose not to present results from simulations

performed with Db values between 10−6 and 10−14 cm2 s−1

because the model predictions for SOA mass concentration
and number size distribution were nearly identical for any Db
between those bounds. Differences in model predictions of the
number size distribution started to appear at Db values lower
than 10−14 cm2 s−1. While the literature has defined organic
material with a Db of 10−14 cm2 s−1 and up to a Db of 10−10 cm2

s−1 as semisolid,53 these Db values appeared to mimic the
model response with a Db strictly in the liquid range (>10−10

cm2 s−1). This result suggests that the SOA condensation in
nucleation experiments may not necessarily be limited by the

Figure 2. Results from the endogenous-Db version of the SOM-TOMAS model for (a) SOA mass concentration, (b) number size distribution at 3
h, and (c) O/C ratio compared to measurements. (d) Model predictions of the time-varying Db. Results are for the 500 ppbv O3, nucleation
experiment. Both the slower-reacting (orange lines) and faster-reacting (purple lines) cases use the SOM parameters from the optimal Db fit in
Figure 1 (pf,1−4, ΔLVP, f HOM = 3.4%) but with different oligomer formation and dissociation rates. The O/C data are only shown 30 min after the
start of the experiment because the O/C measurements are fairly uncertain in the first 30 min when the SOA mass concentrations are quite low.
The gray bands in (b) and (c) depict ± 1σ.
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ABSTRACT: Secondary organic aerosol (SOA) data gathered in
environmental chambers (ECs) have been used extensively to develop
parameters to represent SOA formation and evolution. The EC-based
parameters are usually constrained to less than one day of photochemical
aging but extrapolated to predict SOA aging over much longer timescales
in atmospheric models. Recently, SOA has been increasingly studied in
oxidation flow reactors (OFRs) over aging timescales of one to multiple
days. However, these OFR data have been rarely used to validate or
update the EC-based parameters. The simultaneous use of EC and OFR
data is challenging because the processes relevant to SOA formation and
evolution proceed over very different timescales, and both reactor types
exhibit distinct experimental artifacts. In this work, we show that a
kinetic SOA chemistry and microphysics model that accounts for various
processes, including wall losses, aerosol phase state, heterogeneous
oxidation, oligomerization, and new particle formation, can simultaneously explain SOA evolution in EC and OFR experiments,
using a single consistent set of SOA parameters. With α-pinene as an example, we first developed parameters by fitting the model
output to the measured SOA mass concentration and oxygen-to-carbon (O:C) ratio from an EC experiment (<1 day of aging). We
then used these parameters to simulate SOA formation in OFR experiments and found that the model overestimated SOA formation
(by a factor of 3−16) over photochemical ages ranging from 0.4 to 13 days, when excluding the abovementioned processes. By
comprehensively accounting for these processes, the model was able to explain the observed evolution in SOA mass, composition
(i.e., O:C), and size distribution in the OFR experiments. This work suggests that EC and OFR SOA data can be modeled
consistently, and a synergistic use of EC and OFR data can aid in developing more refined SOA parameters for use in atmospheric
models.
KEYWORDS: aerosol processes, wall loss, phase state, heterogeneous oxidation, nucleation, environmental chamber, OFR, kinetic modeling

1. INTRODUCTION
Secondary organic aerosol (SOA), formed from the oxidation
of volatile organic compounds (VOC), constitutes a large
fraction of atmospheric fine particulate matter (PM2.5), which
has significant impacts on climate, air quality, and human
health.1−5 Currently, there lacks a full understanding of SOA
formation and evolution in the atmosphere, which has
prevented us from accurately predicting its spatiotemporal
distribution and properties and assessing its environmental
impacts.5−7

Environmental chambers (ECs) and oxidation flow reactors
(OFRs) are commonly used to study SOA formation over a
wide range of photochemical ages. Most ECs are Teflon bags
with relatively large volumes (5−30 m3), operated in batch or
steady-state mode for several hours to up to a day.8−11 OFRs
are small (∼10 L) flow-through reactors that typically run in a
steady-state mode over short residence times (<2 min).12−16

Photochemical aging timescales in ECs and OFRs are

measured by the OH exposure, defined as the integrated OH
concentration over experimental time. While ECs can typically
simulate SOA formation up to about a day (OH exposure of
1.5 × 1011 molecules-s cm−3), OFRs extend the formation and
aging time to up to a few weeks by using higher oxidant
concentrations (OH exposure of up to 2 × 1012 molecules-s
cm−3).12−14,17−19 Current atmospheric models predominantly
rely on SOA mechanisms and parameterizations based on the
EC measurements of SOA properties (e.g., mass yield,
composition, size distribution, hygroscopicity, and so
forth),6,20 and only one study so far (Chen et al.21) has used
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•Chambers and flow tubes are key tools used to understand SOA systems in 
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Fig. 4. Yields of SOA produced from photoxidation of (a) isoprene, (b) ↵-pinene, and (c)

tetracyclo[5.2.1.02,6]decane (JP-10) in environmental chambers and PAM reactor as a function of OH expo-

sure. The OH exposure in (c is corrected for reductions in OH levels upon JP-10 addition (see Section 2.1).

Error bars indicate ±1� uncertainty in binned SOA yield measurements and 34% uncertainty in OH exposure

values (Li et. al., 2015). Black markers indicate data from Kroll et al. (2006); Chhabra et al. (2010);

Eddingsaas et al. (2012), and Ng et al. (2007) obtained in the Caltech chamber and data from Hunter et al.

(2014) was obtained in the MIT chamber.
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Figure 4. Yields of SOA produced from photooxidation of (a) iso-
prene, (b) ↵-pinene, and (c) tetracyclo[5.2.1.02,6]decane (JP-10) in
environmental chambers and PAM reactor as a function of OH ex-
posure. The OH exposure in (c) is corrected for reductions in OH
levels upon JP-10 addition (see Sect. 2.1). Error bars indicate ±1�
uncertainty in binned SOA yield measurements and ±34% uncer-
tainty in OH exposure values (Li et. al., 2015). Black markers indi-
cate data from (Kroll et al., 2006; Chhabra et al., 2010; Eddingsaas
et al., 2012), and Ng et al. (2007) obtained in the Caltech chamber
and data from Hunter et al. (2014) obtained in the MIT chamber.

ranging from 0.0040 to 0.60 (mean deviation = 0.10 ± 0.34)
over the range of measured SOA composition for compara-
ble OH exposures. The observed deviations between PAM
and chamber OSc are no larger than deviations between two
chambers (e.g., ↵-pinene SOA produced in Caltech and PSI
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Figure 5. Yields of SOA produced from photooxidation of isoprene
in the PAM reactor as a function of OH exposure in the presence of
20 µgm�3 ammonium sulfate seed. Error bars indicate ±1� uncer-
tainty in binned SOA yield measurements and ±34% uncertainty
in OH exposure values (Li et. al., 2015).

chambers and cyclodecane SOA produced in MIT and CMU
chambers).

3.4 SOA yields obtained in the flow reactor and
environmental chambers

Several factors can affect SOA yields, including precursor
concentration (Kang et al., 2011; Pfaffenberger et al., 2013;
Presto and Donahue, 2006), NOx (Presto et al., 2005; Ng
et al., 2007), UV intensity/wavelength (Henry and Donahue,
2012), seed particle composition/loading (Ehn et al., 2014;
Hamilton et al., 2011; Volkamer et al., 2009), and interac-
tions between SOA and chamber walls (Hildebrandt et al.,
2009; Matsunaga and Ziemann, 2010; Pierce et al., 2008;
Zhang et al., 2014). For reference, the range of SOA pre-
cursor concentrations, NOx levels, and seed particle concen-
trations used in SOA yield studies is summarized in Table 2.
Isolation of individual factors is beyond the scope of this in-
tercomparison. Because mass spectra and elemental ratios of
SOA are similar whether it is generated in an environmental
chamber or in a flow reactor (Sect. 3.1), we suggest that the
differences in precursor concentration and UV wavelength
(e.g., � = 350 nm vs. � = 254 nm) used in these studies have
at most a minor effect on bulk composition.
Next we evaluate the influence of oxidant concentra-

tion and residence time on yields of SOA formed from
common precursors in the PAM reactor and the Caltech
and MIT environmental chambers. Figure 4 shows yields
of SOA as a function of OH exposure for isoprene SOA
(no added NOx), ↵-pinene SOA (no added NOx), and
tricyclo[5.2.1.02,6]decane (JP-10) SOA, respectively. These
precursors provide the broadest range of available yield val-
ues for intercomparison. Oxidation of isoprene forms SOA
with low yield (Chhabra et al., 2010; Kroll et al., 2006),

www.atmos-chem-phys.net/15/3063/2015/ Atmos. Chem. Phys., 15, 3063–3075, 2015
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environmental chambers and PAM reactor as a function of OH ex-
posure. The OH exposure in (c) is corrected for reductions in OH
levels upon JP-10 addition (see Sect. 2.1). Error bars indicate ±1�
uncertainty in binned SOA yield measurements and ±34% uncer-
tainty in OH exposure values (Li et. al., 2015). Black markers indi-
cate data from (Kroll et al., 2006; Chhabra et al., 2010; Eddingsaas
et al., 2012), and Ng et al. (2007) obtained in the Caltech chamber
and data from Hunter et al. (2014) obtained in the MIT chamber.
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Figure 5. Yields of SOA produced from photooxidation of isoprene
in the PAM reactor as a function of OH exposure in the presence of
20 µgm�3 ammonium sulfate seed. Error bars indicate ±1� uncer-
tainty in binned SOA yield measurements and ±34% uncertainty
in OH exposure values (Li et. al., 2015).

chambers and cyclodecane SOA produced in MIT and CMU
chambers).

3.4 SOA yields obtained in the flow reactor and
environmental chambers

Several factors can affect SOA yields, including precursor
concentration (Kang et al., 2011; Pfaffenberger et al., 2013;
Presto and Donahue, 2006), NOx (Presto et al., 2005; Ng
et al., 2007), UV intensity/wavelength (Henry and Donahue,
2012), seed particle composition/loading (Ehn et al., 2014;
Hamilton et al., 2011; Volkamer et al., 2009), and interac-
tions between SOA and chamber walls (Hildebrandt et al.,
2009; Matsunaga and Ziemann, 2010; Pierce et al., 2008;
Zhang et al., 2014). For reference, the range of SOA pre-
cursor concentrations, NOx levels, and seed particle concen-
trations used in SOA yield studies is summarized in Table 2.
Isolation of individual factors is beyond the scope of this in-
tercomparison. Because mass spectra and elemental ratios of
SOA are similar whether it is generated in an environmental
chamber or in a flow reactor (Sect. 3.1), we suggest that the
differences in precursor concentration and UV wavelength
(e.g., � = 350 nm vs. � = 254 nm) used in these studies have
at most a minor effect on bulk composition.
Next we evaluate the influence of oxidant concentra-

tion and residence time on yields of SOA formed from
common precursors in the PAM reactor and the Caltech
and MIT environmental chambers. Figure 4 shows yields
of SOA as a function of OH exposure for isoprene SOA
(no added NOx), ↵-pinene SOA (no added NOx), and
tricyclo[5.2.1.02,6]decane (JP-10) SOA, respectively. These
precursors provide the broadest range of available yield val-
ues for intercomparison. Oxidation of isoprene forms SOA
with low yield (Chhabra et al., 2010; Kroll et al., 2006),
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yields. Although the isolation of each effect is beyond the
scope of this work, likely all effects occur to some degree in
both the SC and flow reactors.
Particle wall losses in the SC and the PAMwere accounted

for as described earlier; however, accurate accounting of
semi-volatile losses is challenging (Weitkamp et al., 2007;
Matsunaga and Ziemann, 2010; Zhang et al., 2014) Zhang
et al. (2014) found that when the losses of semi-volatile va-
pors to chamber walls were not accounted for, ↵-pinene SOA
yields were underestimated by a factor of 1.3 and 1.6, under
high and low NOx conditions, respectively. For toluene ox-
idation, this bias decreased with increasing reactant mixing
ratios, as well as with faster oxidation. As ↵-pinene mixing
ratios were much higher in these experiments (Table 1) com-
pared to the 46–47 ppbv used by Zhang et al. (2014), these
biases are expected to be lower in our study. There is a ring
flow along the outer circumference of the cylindrical PAM
reactor in an attempt to reduce interaction of the inner sam-

ple flow with the walls; however without careful analysis it
is not known how much this design actually reduces the ef-
fects of the walls on the sampled flow. For example, Lambe
et al. (2011a) concluded that wall losses in the PAM have the
largest effect on yields. Although the SA /V ratio is higher in
the PAM (⇠ 18m�1) than the SC (⇠ 3m�1), the residence
time in the PAM is lower, which would decrease the loss of
vapors to the walls.
The OH concentrations in the PAM were significantly

higher than in the SC to allow for rapid aging, but the
higher OH concentrations also increases the probability that
molecules reach higher oxidation states before condensing.
Collisional theory (Atkins and de Paula, 2014) predicts that
under the experimental conditions, the probability of collid-
ing with an OH molecule or with a seed aerosol was on the
same order of magnitude in the SC, whereas the probability
of colliding with an OH molecule in the PAM was 3 orders
of magnitude greater than the probability of a seed–aerosol
collision. Differing product volatility distributions can affect
measured yields as more oxygenated/lower volatility prod-
ucts can overcome the Kelvin effect more easily to grow
freshly nucleated particles, which would increase yields in
the PAM relative to the SC due to an increase in aerosol sur-
face area relative to the walls. The temporal evolution of the
particle number concentration in the SC showed a rapid in-
crease when the UV lights were turned on, indicating that
there was nucleation (Fig. S2). Although SMPS measure-
ments were not made after the PAM, it is likely nucleation
also occurred, as aging is much faster in the PAM. Con-
version of mass-based size distributions measured using the
AMS to number distributions shows that the number of par-
ticles in the PAM were ⇠ 2–3 orders of magnitude greater
than in the SC, further indicating that nucleation occurred
in the PAM. However, the relatively high gas phase concen-
trations allowed freshly nucleated particles in both systems
to grow despite possible differences in oxidation state. Dif-
ferences in product volatility can also affect condensation
rates. For example, products with sufficiently low volatility
may condense irreversibly, whereas higher volatility prod-
ucts may undergo multiple condensation/evaporation events
increasing the likelihood of collision with the wall. The re-
sulting size distribution is bimodal (Fig. S3) with one mode
corresponding to the seed aerosol and one mode at lower
diameters, suggesting that nucleation and condensation on
the newly created particles were significant mechanisms for
SOA formation in the PAM chamber in these experiments.
As the transmission efficiency of particles in the AMS de-

creases when dva is below ⇠ 100 nm and above ⇠ 500 nm
(Liu et al., 2007), the measured yields will be lower if there
is significant mass outside this optimal AMS transmission
range. In the PAM, the mode of the mass-based size distribu-
tion of the nucleated particles measured by AMS was at a dva
of⇠ 100 nm, compared to that of the SC (Fig. S3), which was
at a dva of⇠ 230 nm. The distributions also suggest that there
were particles greater than 1 µm in the SC. It is not possible

Atmos. Meas. Tech., 8, 2315–2332, 2015 www.atmos-meas-tech.net/8/2315/2015/
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the observed residence time distribution14 to determine an
average prediction for SOA mass, O:C ratio, and particle size
distribution. All model-measurement comparisons in the
results section were based on these weighted predictions.
Also, using model I as the base case, we investigated model
sensitivities with respect to the PWL and VWL rates, Db, γOH,
and oligomerization. The PWL and VWL rates were varied by
a factor of three below and above the base values. Db was
varied between 10−10 m2 s−1 (liquid-like) and 10−21 m2 s−1

(nearly solid), as well as within the semisolid range between
10−18 and 10−19 m2 s−1. γOH was varied between 0.1 and 5. kf
was increased by factors of 10 and 100 relative to the base
value.

3. RESULTS
3.1. Process-Level Contributions to SOA Mass, O:C,

and Particle Size Distribution. The SOM-TOMAS model,
with the EC-based SOA parameters, was run in different
configurations to predict the SOA formation and evolution
from α-pinene in the OFR photooxidation experiments. The
various model predictions of the SOA mass yield, SOA O:C,
and the evolving aerosol size distribution are compared against
measurements as shown in Figure 1. As described in Section
2.3, the different models, from A to F, additively captured the
influence of a particular process/property (Table 1 for more
information). The normalized mean absolute error (NMAE)
values (mean of (Xmod − Xobs)/Xobs, where Xmod and Xobs
represent all modeled and measured points, respectively) from
the model-measurement comparison for SOA mass yield, O:C,
and size distributions are also listed in Table 1.
First, we consider models assuming a liquid-like SOA (Db =

10−10 m2 s−1) (A−C). Gas-phase chemistry and kinetic gas/
particle partitioning (model A) overestimated the SOA mass
yield over the six photochemical ages (factor of 3 at 0.4 days to
a factor of 16 at 2 weeks of aging; NMAE = 4.95). Including
PWL (model B) reduced SOA formation by more than a factor
of 3 on average (NMAE = 1.57) compared to model A, in
addition to slightly changing the trends with OH exposure.
The SOA mass yields, however, were still overestimated on

average by nearly a factor of 3 compared to the measurements.
Accounting for VWL (model C) only marginally reduced SOA
formation (<10%; NMAE = 1.36). Taken together, models A
through C suggest that wall losses are an important artifact to
consider when analyzing and modeling SOA mass yield, noting
that in these experiments, PWL was much more important
than VWL in influencing SOA formation in OFRs.
The use of a semisolid SOA (Db = 4 × 10−19 m2 s−1) in

model D resulted in additional reduction in SOA formation
(NMAE = 0.91). This was presumably because a lower Db
resulted in a longer particle mixing timescale that slowed gas/
particle partitioning and, in this case, the net condensation rate
of SOA. For instance, for a 30 nm particle (representative of
the number mode in the final particle size distribution
measured in this work), the particle mixing timescale changes
from 1 μs to 4 min as Db changes from 10−10 to 4 × 10−19 m2

s−1, respectively. Because the mixing timescales for a semisolid
aerosol are comparable to typical OFR residence times, SOA
mass yield measurements in OFRs are potentially more
sensitive to the SOA phase state than those in ECs, where
similar changes in Db (from 10−10 to 4 × 10−19 m2 s−1) have
been shown to have a negligible effect.29,61 Moreover, in the
OFR simulations, the longer particle mixing timescales in the
semisolid SOA kept the condensable oxidation products in the
gas phase for long enough that they were oxidized to form
fragmented, more volatile products; the average O:C of the
gas-phase products was 0.4 for the lowest OH exposure, for
which the probability of fragmentation was 95%, based on the
fitted SOM mfrag parameter (see Section S1 and Figure S1).
This additional oxidation presumably tended to further reduce
SOA mass yields. These results indicate that while a semisolid
aerosol may not be of much concern in ECs, where the
experiments are sufficiently long for the gas and particles to
reasonably equilibrate, a semisolid aerosol might influence
SOA formation in OFRs because of the short residence time
experienced.
Accounting for oligomerization in model E slightly increased

the SOA mass yields in comparison to model D (NMAE =
0.91−1.00) where the oligomers accounted for between 14 and

Figure 1. Simulated process-level contributions to OFR SOA and model-measurement comparisons for (a) SOA mass yield; (b) SOA O:C; (c)
and (d) particle number size distributions at 1.5 and 8.4 days of photochemical aging, respectively. For the size distributions, only results from
model F and G are shown to demonstrate the difference; the predicted size distributions from model A through E are similar in shape to that of F
and are shown in Figure S4. Gray bands represent the uncertainty shown as 2 standard deviations.
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the observed residence time distribution14 to determine an
average prediction for SOA mass, O:C ratio, and particle size
distribution. All model-measurement comparisons in the
results section were based on these weighted predictions.
Also, using model I as the base case, we investigated model
sensitivities with respect to the PWL and VWL rates, Db, γOH,
and oligomerization. The PWL and VWL rates were varied by
a factor of three below and above the base values. Db was
varied between 10−10 m2 s−1 (liquid-like) and 10−21 m2 s−1

(nearly solid), as well as within the semisolid range between
10−18 and 10−19 m2 s−1. γOH was varied between 0.1 and 5. kf
was increased by factors of 10 and 100 relative to the base
value.

3. RESULTS
3.1. Process-Level Contributions to SOA Mass, O:C,

and Particle Size Distribution. The SOM-TOMAS model,
with the EC-based SOA parameters, was run in different
configurations to predict the SOA formation and evolution
from α-pinene in the OFR photooxidation experiments. The
various model predictions of the SOA mass yield, SOA O:C,
and the evolving aerosol size distribution are compared against
measurements as shown in Figure 1. As described in Section
2.3, the different models, from A to F, additively captured the
influence of a particular process/property (Table 1 for more
information). The normalized mean absolute error (NMAE)
values (mean of (Xmod − Xobs)/Xobs, where Xmod and Xobs
represent all modeled and measured points, respectively) from
the model-measurement comparison for SOA mass yield, O:C,
and size distributions are also listed in Table 1.
First, we consider models assuming a liquid-like SOA (Db =

10−10 m2 s−1) (A−C). Gas-phase chemistry and kinetic gas/
particle partitioning (model A) overestimated the SOA mass
yield over the six photochemical ages (factor of 3 at 0.4 days to
a factor of 16 at 2 weeks of aging; NMAE = 4.95). Including
PWL (model B) reduced SOA formation by more than a factor
of 3 on average (NMAE = 1.57) compared to model A, in
addition to slightly changing the trends with OH exposure.
The SOA mass yields, however, were still overestimated on

average by nearly a factor of 3 compared to the measurements.
Accounting for VWL (model C) only marginally reduced SOA
formation (<10%; NMAE = 1.36). Taken together, models A
through C suggest that wall losses are an important artifact to
consider when analyzing and modeling SOA mass yield, noting
that in these experiments, PWL was much more important
than VWL in influencing SOA formation in OFRs.
The use of a semisolid SOA (Db = 4 × 10−19 m2 s−1) in

model D resulted in additional reduction in SOA formation
(NMAE = 0.91). This was presumably because a lower Db
resulted in a longer particle mixing timescale that slowed gas/
particle partitioning and, in this case, the net condensation rate
of SOA. For instance, for a 30 nm particle (representative of
the number mode in the final particle size distribution
measured in this work), the particle mixing timescale changes
from 1 μs to 4 min as Db changes from 10−10 to 4 × 10−19 m2

s−1, respectively. Because the mixing timescales for a semisolid
aerosol are comparable to typical OFR residence times, SOA
mass yield measurements in OFRs are potentially more
sensitive to the SOA phase state than those in ECs, where
similar changes in Db (from 10−10 to 4 × 10−19 m2 s−1) have
been shown to have a negligible effect.29,61 Moreover, in the
OFR simulations, the longer particle mixing timescales in the
semisolid SOA kept the condensable oxidation products in the
gas phase for long enough that they were oxidized to form
fragmented, more volatile products; the average O:C of the
gas-phase products was 0.4 for the lowest OH exposure, for
which the probability of fragmentation was 95%, based on the
fitted SOM mfrag parameter (see Section S1 and Figure S1).
This additional oxidation presumably tended to further reduce
SOA mass yields. These results indicate that while a semisolid
aerosol may not be of much concern in ECs, where the
experiments are sufficiently long for the gas and particles to
reasonably equilibrate, a semisolid aerosol might influence
SOA formation in OFRs because of the short residence time
experienced.
Accounting for oligomerization in model E slightly increased

the SOA mass yields in comparison to model D (NMAE =
0.91−1.00) where the oligomers accounted for between 14 and

Figure 1. Simulated process-level contributions to OFR SOA and model-measurement comparisons for (a) SOA mass yield; (b) SOA O:C; (c)
and (d) particle number size distributions at 1.5 and 8.4 days of photochemical aging, respectively. For the size distributions, only results from
model F and G are shown to demonstrate the difference; the predicted size distributions from model A through E are similar in shape to that of F
and are shown in Figure S4. Gray bands represent the uncertainty shown as 2 standard deviations.
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the observed residence time distribution14 to determine an
average prediction for SOA mass, O:C ratio, and particle size
distribution. All model-measurement comparisons in the
results section were based on these weighted predictions.
Also, using model I as the base case, we investigated model
sensitivities with respect to the PWL and VWL rates, Db, γOH,
and oligomerization. The PWL and VWL rates were varied by
a factor of three below and above the base values. Db was
varied between 10−10 m2 s−1 (liquid-like) and 10−21 m2 s−1

(nearly solid), as well as within the semisolid range between
10−18 and 10−19 m2 s−1. γOH was varied between 0.1 and 5. kf
was increased by factors of 10 and 100 relative to the base
value.

3. RESULTS
3.1. Process-Level Contributions to SOA Mass, O:C,

and Particle Size Distribution. The SOM-TOMAS model,
with the EC-based SOA parameters, was run in different
configurations to predict the SOA formation and evolution
from α-pinene in the OFR photooxidation experiments. The
various model predictions of the SOA mass yield, SOA O:C,
and the evolving aerosol size distribution are compared against
measurements as shown in Figure 1. As described in Section
2.3, the different models, from A to F, additively captured the
influence of a particular process/property (Table 1 for more
information). The normalized mean absolute error (NMAE)
values (mean of (Xmod − Xobs)/Xobs, where Xmod and Xobs
represent all modeled and measured points, respectively) from
the model-measurement comparison for SOA mass yield, O:C,
and size distributions are also listed in Table 1.
First, we consider models assuming a liquid-like SOA (Db =

10−10 m2 s−1) (A−C). Gas-phase chemistry and kinetic gas/
particle partitioning (model A) overestimated the SOA mass
yield over the six photochemical ages (factor of 3 at 0.4 days to
a factor of 16 at 2 weeks of aging; NMAE = 4.95). Including
PWL (model B) reduced SOA formation by more than a factor
of 3 on average (NMAE = 1.57) compared to model A, in
addition to slightly changing the trends with OH exposure.
The SOA mass yields, however, were still overestimated on

average by nearly a factor of 3 compared to the measurements.
Accounting for VWL (model C) only marginally reduced SOA
formation (<10%; NMAE = 1.36). Taken together, models A
through C suggest that wall losses are an important artifact to
consider when analyzing and modeling SOA mass yield, noting
that in these experiments, PWL was much more important
than VWL in influencing SOA formation in OFRs.
The use of a semisolid SOA (Db = 4 × 10−19 m2 s−1) in

model D resulted in additional reduction in SOA formation
(NMAE = 0.91). This was presumably because a lower Db
resulted in a longer particle mixing timescale that slowed gas/
particle partitioning and, in this case, the net condensation rate
of SOA. For instance, for a 30 nm particle (representative of
the number mode in the final particle size distribution
measured in this work), the particle mixing timescale changes
from 1 μs to 4 min as Db changes from 10−10 to 4 × 10−19 m2

s−1, respectively. Because the mixing timescales for a semisolid
aerosol are comparable to typical OFR residence times, SOA
mass yield measurements in OFRs are potentially more
sensitive to the SOA phase state than those in ECs, where
similar changes in Db (from 10−10 to 4 × 10−19 m2 s−1) have
been shown to have a negligible effect.29,61 Moreover, in the
OFR simulations, the longer particle mixing timescales in the
semisolid SOA kept the condensable oxidation products in the
gas phase for long enough that they were oxidized to form
fragmented, more volatile products; the average O:C of the
gas-phase products was 0.4 for the lowest OH exposure, for
which the probability of fragmentation was 95%, based on the
fitted SOM mfrag parameter (see Section S1 and Figure S1).
This additional oxidation presumably tended to further reduce
SOA mass yields. These results indicate that while a semisolid
aerosol may not be of much concern in ECs, where the
experiments are sufficiently long for the gas and particles to
reasonably equilibrate, a semisolid aerosol might influence
SOA formation in OFRs because of the short residence time
experienced.
Accounting for oligomerization in model E slightly increased

the SOA mass yields in comparison to model D (NMAE =
0.91−1.00) where the oligomers accounted for between 14 and

Figure 1. Simulated process-level contributions to OFR SOA and model-measurement comparisons for (a) SOA mass yield; (b) SOA O:C; (c)
and (d) particle number size distributions at 1.5 and 8.4 days of photochemical aging, respectively. For the size distributions, only results from
model F and G are shown to demonstrate the difference; the predicted size distributions from model A through E are similar in shape to that of F
and are shown in Figure S4. Gray bands represent the uncertainty shown as 2 standard deviations.
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the observed residence time distribution14 to determine an
average prediction for SOA mass, O:C ratio, and particle size
distribution. All model-measurement comparisons in the
results section were based on these weighted predictions.
Also, using model I as the base case, we investigated model
sensitivities with respect to the PWL and VWL rates, Db, γOH,
and oligomerization. The PWL and VWL rates were varied by
a factor of three below and above the base values. Db was
varied between 10−10 m2 s−1 (liquid-like) and 10−21 m2 s−1

(nearly solid), as well as within the semisolid range between
10−18 and 10−19 m2 s−1. γOH was varied between 0.1 and 5. kf
was increased by factors of 10 and 100 relative to the base
value.

3. RESULTS
3.1. Process-Level Contributions to SOA Mass, O:C,

and Particle Size Distribution. The SOM-TOMAS model,
with the EC-based SOA parameters, was run in different
configurations to predict the SOA formation and evolution
from α-pinene in the OFR photooxidation experiments. The
various model predictions of the SOA mass yield, SOA O:C,
and the evolving aerosol size distribution are compared against
measurements as shown in Figure 1. As described in Section
2.3, the different models, from A to F, additively captured the
influence of a particular process/property (Table 1 for more
information). The normalized mean absolute error (NMAE)
values (mean of (Xmod − Xobs)/Xobs, where Xmod and Xobs
represent all modeled and measured points, respectively) from
the model-measurement comparison for SOA mass yield, O:C,
and size distributions are also listed in Table 1.
First, we consider models assuming a liquid-like SOA (Db =

10−10 m2 s−1) (A−C). Gas-phase chemistry and kinetic gas/
particle partitioning (model A) overestimated the SOA mass
yield over the six photochemical ages (factor of 3 at 0.4 days to
a factor of 16 at 2 weeks of aging; NMAE = 4.95). Including
PWL (model B) reduced SOA formation by more than a factor
of 3 on average (NMAE = 1.57) compared to model A, in
addition to slightly changing the trends with OH exposure.
The SOA mass yields, however, were still overestimated on

average by nearly a factor of 3 compared to the measurements.
Accounting for VWL (model C) only marginally reduced SOA
formation (<10%; NMAE = 1.36). Taken together, models A
through C suggest that wall losses are an important artifact to
consider when analyzing and modeling SOA mass yield, noting
that in these experiments, PWL was much more important
than VWL in influencing SOA formation in OFRs.
The use of a semisolid SOA (Db = 4 × 10−19 m2 s−1) in

model D resulted in additional reduction in SOA formation
(NMAE = 0.91). This was presumably because a lower Db
resulted in a longer particle mixing timescale that slowed gas/
particle partitioning and, in this case, the net condensation rate
of SOA. For instance, for a 30 nm particle (representative of
the number mode in the final particle size distribution
measured in this work), the particle mixing timescale changes
from 1 μs to 4 min as Db changes from 10−10 to 4 × 10−19 m2

s−1, respectively. Because the mixing timescales for a semisolid
aerosol are comparable to typical OFR residence times, SOA
mass yield measurements in OFRs are potentially more
sensitive to the SOA phase state than those in ECs, where
similar changes in Db (from 10−10 to 4 × 10−19 m2 s−1) have
been shown to have a negligible effect.29,61 Moreover, in the
OFR simulations, the longer particle mixing timescales in the
semisolid SOA kept the condensable oxidation products in the
gas phase for long enough that they were oxidized to form
fragmented, more volatile products; the average O:C of the
gas-phase products was 0.4 for the lowest OH exposure, for
which the probability of fragmentation was 95%, based on the
fitted SOM mfrag parameter (see Section S1 and Figure S1).
This additional oxidation presumably tended to further reduce
SOA mass yields. These results indicate that while a semisolid
aerosol may not be of much concern in ECs, where the
experiments are sufficiently long for the gas and particles to
reasonably equilibrate, a semisolid aerosol might influence
SOA formation in OFRs because of the short residence time
experienced.
Accounting for oligomerization in model E slightly increased

the SOA mass yields in comparison to model D (NMAE =
0.91−1.00) where the oligomers accounted for between 14 and

Figure 1. Simulated process-level contributions to OFR SOA and model-measurement comparisons for (a) SOA mass yield; (b) SOA O:C; (c)
and (d) particle number size distributions at 1.5 and 8.4 days of photochemical aging, respectively. For the size distributions, only results from
model F and G are shown to demonstrate the difference; the predicted size distributions from model A through E are similar in shape to that of F
and are shown in Figure S4. Gray bands represent the uncertainty shown as 2 standard deviations.
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the observed residence time distribution14 to determine an
average prediction for SOA mass, O:C ratio, and particle size
distribution. All model-measurement comparisons in the
results section were based on these weighted predictions.
Also, using model I as the base case, we investigated model
sensitivities with respect to the PWL and VWL rates, Db, γOH,
and oligomerization. The PWL and VWL rates were varied by
a factor of three below and above the base values. Db was
varied between 10−10 m2 s−1 (liquid-like) and 10−21 m2 s−1

(nearly solid), as well as within the semisolid range between
10−18 and 10−19 m2 s−1. γOH was varied between 0.1 and 5. kf
was increased by factors of 10 and 100 relative to the base
value.

3. RESULTS
3.1. Process-Level Contributions to SOA Mass, O:C,

and Particle Size Distribution. The SOM-TOMAS model,
with the EC-based SOA parameters, was run in different
configurations to predict the SOA formation and evolution
from α-pinene in the OFR photooxidation experiments. The
various model predictions of the SOA mass yield, SOA O:C,
and the evolving aerosol size distribution are compared against
measurements as shown in Figure 1. As described in Section
2.3, the different models, from A to F, additively captured the
influence of a particular process/property (Table 1 for more
information). The normalized mean absolute error (NMAE)
values (mean of (Xmod − Xobs)/Xobs, where Xmod and Xobs
represent all modeled and measured points, respectively) from
the model-measurement comparison for SOA mass yield, O:C,
and size distributions are also listed in Table 1.
First, we consider models assuming a liquid-like SOA (Db =

10−10 m2 s−1) (A−C). Gas-phase chemistry and kinetic gas/
particle partitioning (model A) overestimated the SOA mass
yield over the six photochemical ages (factor of 3 at 0.4 days to
a factor of 16 at 2 weeks of aging; NMAE = 4.95). Including
PWL (model B) reduced SOA formation by more than a factor
of 3 on average (NMAE = 1.57) compared to model A, in
addition to slightly changing the trends with OH exposure.
The SOA mass yields, however, were still overestimated on

average by nearly a factor of 3 compared to the measurements.
Accounting for VWL (model C) only marginally reduced SOA
formation (<10%; NMAE = 1.36). Taken together, models A
through C suggest that wall losses are an important artifact to
consider when analyzing and modeling SOA mass yield, noting
that in these experiments, PWL was much more important
than VWL in influencing SOA formation in OFRs.
The use of a semisolid SOA (Db = 4 × 10−19 m2 s−1) in

model D resulted in additional reduction in SOA formation
(NMAE = 0.91). This was presumably because a lower Db
resulted in a longer particle mixing timescale that slowed gas/
particle partitioning and, in this case, the net condensation rate
of SOA. For instance, for a 30 nm particle (representative of
the number mode in the final particle size distribution
measured in this work), the particle mixing timescale changes
from 1 μs to 4 min as Db changes from 10−10 to 4 × 10−19 m2

s−1, respectively. Because the mixing timescales for a semisolid
aerosol are comparable to typical OFR residence times, SOA
mass yield measurements in OFRs are potentially more
sensitive to the SOA phase state than those in ECs, where
similar changes in Db (from 10−10 to 4 × 10−19 m2 s−1) have
been shown to have a negligible effect.29,61 Moreover, in the
OFR simulations, the longer particle mixing timescales in the
semisolid SOA kept the condensable oxidation products in the
gas phase for long enough that they were oxidized to form
fragmented, more volatile products; the average O:C of the
gas-phase products was 0.4 for the lowest OH exposure, for
which the probability of fragmentation was 95%, based on the
fitted SOM mfrag parameter (see Section S1 and Figure S1).
This additional oxidation presumably tended to further reduce
SOA mass yields. These results indicate that while a semisolid
aerosol may not be of much concern in ECs, where the
experiments are sufficiently long for the gas and particles to
reasonably equilibrate, a semisolid aerosol might influence
SOA formation in OFRs because of the short residence time
experienced.
Accounting for oligomerization in model E slightly increased

the SOA mass yields in comparison to model D (NMAE =
0.91−1.00) where the oligomers accounted for between 14 and

Figure 1. Simulated process-level contributions to OFR SOA and model-measurement comparisons for (a) SOA mass yield; (b) SOA O:C; (c)
and (d) particle number size distributions at 1.5 and 8.4 days of photochemical aging, respectively. For the size distributions, only results from
model F and G are shown to demonstrate the difference; the predicted size distributions from model A through E are similar in shape to that of F
and are shown in Figure S4. Gray bands represent the uncertainty shown as 2 standard deviations.
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the observed residence time distribution14 to determine an
average prediction for SOA mass, O:C ratio, and particle size
distribution. All model-measurement comparisons in the
results section were based on these weighted predictions.
Also, using model I as the base case, we investigated model
sensitivities with respect to the PWL and VWL rates, Db, γOH,
and oligomerization. The PWL and VWL rates were varied by
a factor of three below and above the base values. Db was
varied between 10−10 m2 s−1 (liquid-like) and 10−21 m2 s−1

(nearly solid), as well as within the semisolid range between
10−18 and 10−19 m2 s−1. γOH was varied between 0.1 and 5. kf
was increased by factors of 10 and 100 relative to the base
value.

3. RESULTS
3.1. Process-Level Contributions to SOA Mass, O:C,

and Particle Size Distribution. The SOM-TOMAS model,
with the EC-based SOA parameters, was run in different
configurations to predict the SOA formation and evolution
from α-pinene in the OFR photooxidation experiments. The
various model predictions of the SOA mass yield, SOA O:C,
and the evolving aerosol size distribution are compared against
measurements as shown in Figure 1. As described in Section
2.3, the different models, from A to F, additively captured the
influence of a particular process/property (Table 1 for more
information). The normalized mean absolute error (NMAE)
values (mean of (Xmod − Xobs)/Xobs, where Xmod and Xobs
represent all modeled and measured points, respectively) from
the model-measurement comparison for SOA mass yield, O:C,
and size distributions are also listed in Table 1.
First, we consider models assuming a liquid-like SOA (Db =

10−10 m2 s−1) (A−C). Gas-phase chemistry and kinetic gas/
particle partitioning (model A) overestimated the SOA mass
yield over the six photochemical ages (factor of 3 at 0.4 days to
a factor of 16 at 2 weeks of aging; NMAE = 4.95). Including
PWL (model B) reduced SOA formation by more than a factor
of 3 on average (NMAE = 1.57) compared to model A, in
addition to slightly changing the trends with OH exposure.
The SOA mass yields, however, were still overestimated on

average by nearly a factor of 3 compared to the measurements.
Accounting for VWL (model C) only marginally reduced SOA
formation (<10%; NMAE = 1.36). Taken together, models A
through C suggest that wall losses are an important artifact to
consider when analyzing and modeling SOA mass yield, noting
that in these experiments, PWL was much more important
than VWL in influencing SOA formation in OFRs.
The use of a semisolid SOA (Db = 4 × 10−19 m2 s−1) in

model D resulted in additional reduction in SOA formation
(NMAE = 0.91). This was presumably because a lower Db
resulted in a longer particle mixing timescale that slowed gas/
particle partitioning and, in this case, the net condensation rate
of SOA. For instance, for a 30 nm particle (representative of
the number mode in the final particle size distribution
measured in this work), the particle mixing timescale changes
from 1 μs to 4 min as Db changes from 10−10 to 4 × 10−19 m2

s−1, respectively. Because the mixing timescales for a semisolid
aerosol are comparable to typical OFR residence times, SOA
mass yield measurements in OFRs are potentially more
sensitive to the SOA phase state than those in ECs, where
similar changes in Db (from 10−10 to 4 × 10−19 m2 s−1) have
been shown to have a negligible effect.29,61 Moreover, in the
OFR simulations, the longer particle mixing timescales in the
semisolid SOA kept the condensable oxidation products in the
gas phase for long enough that they were oxidized to form
fragmented, more volatile products; the average O:C of the
gas-phase products was 0.4 for the lowest OH exposure, for
which the probability of fragmentation was 95%, based on the
fitted SOM mfrag parameter (see Section S1 and Figure S1).
This additional oxidation presumably tended to further reduce
SOA mass yields. These results indicate that while a semisolid
aerosol may not be of much concern in ECs, where the
experiments are sufficiently long for the gas and particles to
reasonably equilibrate, a semisolid aerosol might influence
SOA formation in OFRs because of the short residence time
experienced.
Accounting for oligomerization in model E slightly increased

the SOA mass yields in comparison to model D (NMAE =
0.91−1.00) where the oligomers accounted for between 14 and

Figure 1. Simulated process-level contributions to OFR SOA and model-measurement comparisons for (a) SOA mass yield; (b) SOA O:C; (c)
and (d) particle number size distributions at 1.5 and 8.4 days of photochemical aging, respectively. For the size distributions, only results from
model F and G are shown to demonstrate the difference; the predicted size distributions from model A through E are similar in shape to that of F
and are shown in Figure S4. Gray bands represent the uncertainty shown as 2 standard deviations.
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•Two different schemes were used to model the nucleation in the OFR to 
improve the model performance against particle size distribution data

Eqn 1

Eqn 2

OFR data to validate these parameterizations. The synergistic
use of EC and OFR data is challenging because (1) the
timescales for gas- (i.e., homogeneous) and particle-phase (i.e.,
heterogeneous, condensed) chemistry, new particle formation,
and gas/particle partitioning are very different in ECs and
OFRs, and (2) both types of reactors exhibit experimental
artifacts that bias SOA production, such as vapor and particle
wall loss. Previous studies have shown that the oxidation
pathways between ECs and OFRs are likely to be similar,
despite differences in oxidant and radical concentrations.18,19,22

Here, we argue that a comprehensive and consistent treatment
of the kinetic processes between ECs and OFRs will allow for
OFR data to be used to update and extend EC-based SOA
parameterizations in atmospheric models.
Apart from the gas-phase chemistry, the current treatment of

the SOA-relevant kinetic processes in ECs and OFRs include
(1) particle and vapor wall loss (PWL and VWL); (2) gas/
particle partitioning, which may be influenced by the phase
state; (3) heterogeneous oxidation; (4) new particle formation,
or nucleation; and (5) condensed-phase reactions including
particle-phase oligomerization. Both EC and OFR data are
universally corrected for PWL,8,9,11,23−31 but only a handful of
studies have corrected for the influence of VWL in these
reactors. For ECs, these studies have found that the VWL
correction could increase SOA mass yields by a factor of
four.32 For OFRs, the influence of VWL has been found to be
small because of short residence times.30 VOC oxidation under
dry conditions has been shown to produce semisolid/viscous
SOA,33−36 which can potentially slow down gas/particle
partitioning and depress SOA formation.10,29,37−41 This is of
particular concern for OFR experiments, where the timescales
for partitioning for a semisolid SOA might end up being much
longer than the average residence time in the OFR. However,
typical EC and OFR experiments universally assume a liquid-
phase state for SOA. Heterogeneous oxidation becomes
important under higher OH exposure (>1 day) and has been
shown to result in the loss of aerosol mass in OFRs through
fragmentation reactions followed by the evaporation of volatile
products.17,30,42−44 While heterogeneous oxidation may be less
important at the lower photochemical aging timescales
employed in ECs,45 it needs to be accounted for over the
multiday aging timescales attainable in OFRs. Nucleation is
usually suppressed in seeded EC experiments, in a large part
owing to the use of substantial inorganic “seed” particle
concentrations for SOA growth, but it is important in both
seeded and unseeded OFR experiments, where high oxidant
concentrations and short residence times often create super-
saturated conditions to initiate nucleation.45 Finally, oligome-
rization has been observed to contribute to SOA formation
appreciably in EC experiments,40,46 and oligomers may
contribute to the semisolid SOA phase state,29,39 but it is
rarely considered in the development of EC-based SOA
parameterizations and rarely investigated in OFR studies.
Furthermore, OFR studies rarely account for the interplay
between oxidation chemistry and kinetic partitioning, and their
dynamic influence on nucleation.
In this study, we used a kinetic SOA model that simulates

oxidation chemistry, thermodynamics, and microphysics (i.e.,
SOM-TOMAS11,28,29) to comprehensively include the pro-
cesses described above. To illustrate the utility of such a model
approach, we applied the model to study SOA formation from
α-pinene in both EC25 and OFR18 experiments. We show that
the gap between EC and OFR SOA mass yields, at least for this

chemical system, can be bridged by accounting for these
processes, and a single set of SOA parameters for photo-
chemical aging can explain both EC and OFR SOA data.

2. METHODS
2.1. SOM-TOMAS Model and Updates. The SOM-

TOMAS model combines the Statistical Oxidation Model
(SOM)47 and the TwO Moment Aerosol Sectional (TOMAS)
model.48 The SOM-TOMAS model simulates the gas-phase
oxidation of the VOC and multigenerational gas- and particle-
phase chemistry of the VOC’s oxidation products and tracks
the evolution of the particle size distribution subject to kinetic
gas/particle partitioning, coagulation, wall loss, and nucleation.
The gas-phase chemistry also includes direct formation of
highly oxygenated organic molecules (HOM) through
autoxidation reactions.49,56 Previously, the model has been
extensively used to study SOA formation in EC and OFR
experiments separately but never together.11,28,29,50,51 Details
of the SOM-TOMAS model have been described in these
previous publications, but a brief model description is provided
in the Supporting Information for completeness (Section S1).
In this work, we updated the SOM-TOMAS model to

account for heterogeneous reactions of SOA with the OH
radical through the use of the reactive uptake coefficient (γOH),
which determines the fraction of collisions between OH
radicals and the particle surface that result in a chemical
reaction. γOH can vary between 0 and up to 10,52,53 where
values greater than 1 indicate conditions where the OH-
initiated chain reactions in the particle phase result in the
recycling of the OH radical.13,17,54,55 As with gas-phase
reactions, heterogeneous oxidation produces products from
both functionalization (lower volatility) and fragmentation
(higher volatility) reactions, with the latter able to evaporate.
The detailed formulation for the loss rate of a particle-phase
SOM species due to heterogeneous oxidation is described in
the Supporting Information (Section S1).
We also updated the model to simulate nucleation in the

OFR experiment,18 where no seed aerosols were used and
nucleation played a key role in SOA formation. Nucleation was
modeled with four different schemes: (i) an instantaneous
nucleation event at the beginning of the OFR simulation, (ii) a
constant nucleation rate throughout the OFR simulation, (iii)
a time-varying nucleation rate over the OFR simulation
modeled as a Gaussian distribution, and (iv) a nucleation
rate tied to the predicted concentration of extremely low-
volatility organic compounds (ELVOCs; defined below). For
(iii), we expected the nucleating species to initially increase in
concentration to create supersaturated conditions that would
drive nucleation, following which the nucleating species would
decrease in concentration as it condensed onto the particles.
We chose a Gaussian distribution to approximately mimic the
increase and decrease in the nucleation species’ concen-
trations; the time-varying nucleation rate (cm−3 s−1) is
expressed using the following equation:
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where μnuc is the time corresponding to the peak nucleation
rate in s, σnuc is the standard deviation of the distribution in s,
and TNuc is the total number of nucleating particles. These
three parameters can be fitted to reproduce the observed
particle size distributions in the OFR. The Gaussian shape was
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determined a priori. For (iv), the nucleation rate is determined
using the following equation:56,57

= [ ]J a ELVOCnuc 1
a2 (2)

where [ELVOC] is the gas-phase concentration of ELVOCs in
107 cm−3, and a1 and a2 are adjustable parameters. Here,
ELVOCs are limited to only include the gas-phase dimer
species (C20) formed from C10 SOM species at a molar yield of
0.2%,58 as they are likely to be the main drivers for nucleation,
given their extremely low volatility (<10−9 μg m−3).59 The
HOM monomers formed directly from autoxidation reactions
were not included in the ELVOCs (explanation provided in
Section 3.2). The nucleated particles were always added to the
smallest particle size bin in SOM-TOMAS (∼1 nm) in all
schemes.
2.2. α-Pinene SOA EC and OFR Data. We developed

SOM-TOMAS parameters for α-pinene by simultaneously
fitting the model to the measured SOA mass concentration and
the O:C ratio from an EC photooxidation experiment,
performed and described by Chhabra et al.25 The EC
photooxidation experiment, SOA data, and model fitting are
briefly summarized in the Supporting Information (Section
S2). The EC-based parameters were then used to simulate and
evaluate the SOA formation and evolution in OFR α-pinene
photooxidation experiments. We chose OFR experiments that
were performed in the potential aerosol mass (PAM) OFR18

because the results from these OFR experiments are generally
consistent with other OFR studies on α-pinene for the SOA
mass yield and chemical composition.22,60

The PAM OFR used in the studies described here is a 13 L
pyrex cylindrical tube operated in continuous flow mode. In
these OFR experiments, the residence time was distributed
over 600 s with an average residence time of 100 s. OH radicals
were generated inside the OFR by UV photolysis of injected
O3 (λ = 254 nm). The O3 level inside the reactor was 15−30
ppmv, and the RH was 30−40%. No NOx was added to the
reactor. No ammonium sulfate seed was used, so SOA was
formed through nucleation and subsequent growth of pure
SOA particles. The initial concentration of α-pinene was 50
ppbv, and six different OH exposures were achieved by
stepping the UV light intensity. OH concentrations varied
between 5.5 × 108 and 1.7 × 1010 molecules cm−3,
corresponding to OH exposures between 0.4 and 13.2 days
of photochemical aging (assuming an OH concentration of 1.5
× 106 molecules cm−3). Except for the lowest OH exposure,
the OH concentrations were high enough compared to O3 that
α-pinene predominantly reacted with OH and not with O3. At

each OH exposure level, the SOA mass concentration, size
distribution, and O:C ratio were quantified from measure-
ments performed with a scanning mobility particle sizer and
high-resolution aerosol mass spectrometer (HR-AMS). The
OH concentrations used in this work were updated from those
reported in the study of Lambe et al.18 by accounting for small
amounts of OH suppression from the reactivity of the VOC
(Section S3).

2.3. OFR Model Simulations and Sensitivity Tests. We
systematically evaluated the influence from the different
processes in OFR simulations by accounting for one process
at a time, and the model configurations are listed in Table 1.
Model A included gas-phase oxidation and kinetic gas/particle
partitioning assuming a liquid Db (10−10 m2 s−1). In models B
through E, we progressively accounted for the following
processes: PWL (model B), VWL (model C), semisolid Db
(model D), oligomerization (model E), and heterogeneous
oxidation (model F). Size-dependent PWL rates were
estimated from particle transmission efficiencies reported for
the OFR (Section S4).14 The VWL rate (kvap,on) in the OFR
was assumed to be 2.5 × 10−3 s−1.30 Assuming the vapors are
lost to the pyrex walls of the OFR through adsorption instead
of absorption into the surface, the release rate for vapors
(kvap,off) was assumed to be zero. The baseline Db value for
semisolid α-pinene SOA was assumed to be 4 × 10−19 m2 s−1,
consistent with those estimated recently using a combination
of kinetic modeling and EC observations.29,40 The baseline γOH
value for heterogeneous oxidation was assumed to be 1.42

Particle-phase oligomerization was simulated with the same
baseline kf and kr values as those for the EC experiment (kf =
10−24 cm3 molecules−1 s−1; kr = 1.6 × 10−2 s−1).29

Nucleation was assumed to be instantaneous for models A
through F and constant for model G. Models H and I use the
time-dependent nucleation rates (Jnuc) calculated using eqs 1
and 2, respectively. The nucleation rates for model A through
G were tuned separately for each OH exposure to reproduce
the measured total number concentrations. The Jnuc parameters
in model H (μnuc, σnuc, and TNnuc) were optimized separately
for each OH exposure to reproduce the measured number
concentrations and number size distributions. The Jnuc
parameters in model I (a1 and a2) were manually adjusted to
optimize the model-measurement comparison for size
distributions across all OH exposure levels simultaneously.
The SOA at the OFR exit is a mixture of particle populations

having experienced different residence times, as a result of the
nonideal flow inside the OFR. Therefore, we performed all
model simulations for 600 s and weighted the predictions by

Table 1. Model Configurations to Simulate SOA in the OFR Experimenta

model PWL VWL semi-S. olig. het. nucleation NMAEYield NMAEO:C NMAESize

A OFF OFF OFF OFF OFF instantaneous at t = 0 4.95 0.12 8.05
B ON OFF OFF OFF OFF instantaneous at t = 0 1.57 0.16 1.66
C ON ON OFF OFF OFF instantaneous at t = 0 1.36 0.18 1.54
D ON ON ON OFF OFF instantaneous at t = 0 0.91 0.16 1.19
E ON ON ON ON OFF instantaneous at t = 0 1.00 0.16 1.23
F ON ON ON ON ON instantaneous at t = 0 0.28 0.11 0.93
G ON ON ON ON ON constant over 100 s 0.24 0.12 0.76
H ON ON ON ON ON eq 1 (tuned) 0.16 0.15 0.53
I ON ON ON ON ON eq 2 (tuned) 0.22 0.13 0.68

aFor Models A through F, processes of PWL, VWL, semi-solid Db, oligomerization, and heterogeneous oxidation are progressively turned on/
accounted for. For Model G through I, different Jnuc profiles are assigned. The normalized mean absolute errors (NMAE) for SOA mass yield, O:C
and size distributions are shown.
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•Two different schemes were used to model the nucleation in the OFR to improve 
the model performance against particle size distribution data
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Eqn 2 (Model I)

•Nucleation linked to gas-phase dimers (ELVOCs), formed from carbon number-
retaining oxidation products, can explain the particle size distribution data 

25% of the total SOA over all OH exposures. The small
increase in SOA mass yields was because the oxidation
products in the condensed phase already had low volatilities, so
oligomer formation did not additionally shift partitioning to
the particle phase. These results suggest that although a
modest fraction (14−25%) of SOA mass was composed of
oligomers, which formed quickly in the OFR and was
consistent with previous studies,29,40,62,63 oligomerization was
unlikely to shift gas/particle partitioning and affect total SOA
formation in the OFR experiment.
The inclusion of heterogeneous oxidation in model F only

marginally changed the SOA mass yields for the lower OH
exposures (<2 days), but substantially reduced those at higher
exposures (>2 days), resulting in close agreement with the
measurements (NMAE = 0.28). The decrease in the SOA mass
yield principally stemmed from the oxidation of high O:C
material in the particle phase that was susceptible to
fragmentation, and which ultimately resulted in the loss of
SOA mass in the OFR. This is in line with the study of Kroll et
al.,42 who also attributed observed OA mass reduction in OFRs
at higher exposures to fragmentation reactions driven by
heterogeneous oxidation. We should note that the model
predicted an earlier decrease in the SOA mass yield compared
to the measurements (1.5 vs. 3 days) and slightly over-
estimated the O:C ratios in the same OH exposure range. This
could possibly be due to uncertainties in the estimated OH
concentrations (Section S3), as well as from the assumptions
made for heterogeneous oxidation (i.e., γOH = 1 and the same
SOM parameters as those assumed for gas-phase oxidation). In
Figure S3, we show the temporal evolution of SOA mass
concentrations as a function of residence time at different OH
exposures for simulations performed with model F. For higher
OH exposures (>2 days), the model predicted the maximum
SOA approximately one third of the way through the OFR, and
continued oxidation of the gas- and particle-phase material
resulted in mass loss over the remainder of the OFR. While the
fragmentation of gas-phase oxidation products did seem to
decrease the SOA mass yield with OH exposure, as seen in
predictions from models A through E, heterogeneous oxidation

added substantially to the mass loss and further steepened the
decrease in SOA mass yield at higher OH exposures.
Models A through E predicted an increasing SOA O:C with

OH exposure, and the predictions of SOA O:C varied only
marginally between models B through E (Figure 1b). The SOA
formation and evolution in these simulations understandably
followed very different chemical trajectories, and, hence, it was
interesting that they predicted roughly the same O:C evolution
despite substantial differences in the predicted SOA mass
yields. Generally speaking, these SOA O:C predictions for
models A through E were slightly lower than the measured
value at the lowest OH exposure (∼0.4 day), consistent with
measured values at intermediate OH exposures (∼1 to 3 days),
and lower than the measured values at the higher OH
exposures (>4 days) (average NMAE = 0.16). The SOA O:C
predictions appeared to increasingly deviate from the measure-
ments at higher OH exposures for models A through E. With
the inclusion of heterogeneous oxidation, model F provided a
better comparison with the measured O:C values (NMAE =
0.11), although there were some differences in the shape of the
predicted and measured change in O:C with OH exposure
(Figure 1b); the predicted O:C increased somewhat linearly
while the measured O:C increased exponentially over a
logarithmic OH exposure scale.
With models A through F, we assumed nucleation to occur

instantaneously at the beginning of the OFR simulation. Model
G, which assumes that nucleation occurs at a constant rate
throughout the OFR residence time, predicted a nearly
identical SOA mass yield and O:C as that from model F.
However, models F and G produced a very different evolution
in the particle number size distribution, which is discussed in
the paragraph below.
Figure 1c,d compares the modeled number size distributions

from models F and G against the measurements at 1.5 and 8.4
days of photochemical aging. Predictions from models A
through E and at other photochemical ages are omitted for
visual clarity; the full comparison for all photochemical ages
and model configurations is presented in Figures S4 and S5, for
number and mass size distributions, respectively. Another
reason for not showing the predictions for models A through E

Figure 2. Similar to Figure 1 but shows influence of the nucleation scheme on model predictions. Model-measurement comparisons are shown for
(a) SOA mass yield; (b) O:C; (c) and (d) particle size distributions at 1.5 and 8.4 days of photochemical aging, respectively. Gray bands represent
the uncertainty shown as 2 standard deviations.
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Eqn 1 (Model H)

OFR data to validate these parameterizations. The synergistic
use of EC and OFR data is challenging because (1) the
timescales for gas- (i.e., homogeneous) and particle-phase (i.e.,
heterogeneous, condensed) chemistry, new particle formation,
and gas/particle partitioning are very different in ECs and
OFRs, and (2) both types of reactors exhibit experimental
artifacts that bias SOA production, such as vapor and particle
wall loss. Previous studies have shown that the oxidation
pathways between ECs and OFRs are likely to be similar,
despite differences in oxidant and radical concentrations.18,19,22

Here, we argue that a comprehensive and consistent treatment
of the kinetic processes between ECs and OFRs will allow for
OFR data to be used to update and extend EC-based SOA
parameterizations in atmospheric models.
Apart from the gas-phase chemistry, the current treatment of

the SOA-relevant kinetic processes in ECs and OFRs include
(1) particle and vapor wall loss (PWL and VWL); (2) gas/
particle partitioning, which may be influenced by the phase
state; (3) heterogeneous oxidation; (4) new particle formation,
or nucleation; and (5) condensed-phase reactions including
particle-phase oligomerization. Both EC and OFR data are
universally corrected for PWL,8,9,11,23−31 but only a handful of
studies have corrected for the influence of VWL in these
reactors. For ECs, these studies have found that the VWL
correction could increase SOA mass yields by a factor of
four.32 For OFRs, the influence of VWL has been found to be
small because of short residence times.30 VOC oxidation under
dry conditions has been shown to produce semisolid/viscous
SOA,33−36 which can potentially slow down gas/particle
partitioning and depress SOA formation.10,29,37−41 This is of
particular concern for OFR experiments, where the timescales
for partitioning for a semisolid SOA might end up being much
longer than the average residence time in the OFR. However,
typical EC and OFR experiments universally assume a liquid-
phase state for SOA. Heterogeneous oxidation becomes
important under higher OH exposure (>1 day) and has been
shown to result in the loss of aerosol mass in OFRs through
fragmentation reactions followed by the evaporation of volatile
products.17,30,42−44 While heterogeneous oxidation may be less
important at the lower photochemical aging timescales
employed in ECs,45 it needs to be accounted for over the
multiday aging timescales attainable in OFRs. Nucleation is
usually suppressed in seeded EC experiments, in a large part
owing to the use of substantial inorganic “seed” particle
concentrations for SOA growth, but it is important in both
seeded and unseeded OFR experiments, where high oxidant
concentrations and short residence times often create super-
saturated conditions to initiate nucleation.45 Finally, oligome-
rization has been observed to contribute to SOA formation
appreciably in EC experiments,40,46 and oligomers may
contribute to the semisolid SOA phase state,29,39 but it is
rarely considered in the development of EC-based SOA
parameterizations and rarely investigated in OFR studies.
Furthermore, OFR studies rarely account for the interplay
between oxidation chemistry and kinetic partitioning, and their
dynamic influence on nucleation.
In this study, we used a kinetic SOA model that simulates

oxidation chemistry, thermodynamics, and microphysics (i.e.,
SOM-TOMAS11,28,29) to comprehensively include the pro-
cesses described above. To illustrate the utility of such a model
approach, we applied the model to study SOA formation from
α-pinene in both EC25 and OFR18 experiments. We show that
the gap between EC and OFR SOA mass yields, at least for this

chemical system, can be bridged by accounting for these
processes, and a single set of SOA parameters for photo-
chemical aging can explain both EC and OFR SOA data.

2. METHODS
2.1. SOM-TOMAS Model and Updates. The SOM-

TOMAS model combines the Statistical Oxidation Model
(SOM)47 and the TwO Moment Aerosol Sectional (TOMAS)
model.48 The SOM-TOMAS model simulates the gas-phase
oxidation of the VOC and multigenerational gas- and particle-
phase chemistry of the VOC’s oxidation products and tracks
the evolution of the particle size distribution subject to kinetic
gas/particle partitioning, coagulation, wall loss, and nucleation.
The gas-phase chemistry also includes direct formation of
highly oxygenated organic molecules (HOM) through
autoxidation reactions.49,56 Previously, the model has been
extensively used to study SOA formation in EC and OFR
experiments separately but never together.11,28,29,50,51 Details
of the SOM-TOMAS model have been described in these
previous publications, but a brief model description is provided
in the Supporting Information for completeness (Section S1).
In this work, we updated the SOM-TOMAS model to

account for heterogeneous reactions of SOA with the OH
radical through the use of the reactive uptake coefficient (γOH),
which determines the fraction of collisions between OH
radicals and the particle surface that result in a chemical
reaction. γOH can vary between 0 and up to 10,52,53 where
values greater than 1 indicate conditions where the OH-
initiated chain reactions in the particle phase result in the
recycling of the OH radical.13,17,54,55 As with gas-phase
reactions, heterogeneous oxidation produces products from
both functionalization (lower volatility) and fragmentation
(higher volatility) reactions, with the latter able to evaporate.
The detailed formulation for the loss rate of a particle-phase
SOM species due to heterogeneous oxidation is described in
the Supporting Information (Section S1).
We also updated the model to simulate nucleation in the

OFR experiment,18 where no seed aerosols were used and
nucleation played a key role in SOA formation. Nucleation was
modeled with four different schemes: (i) an instantaneous
nucleation event at the beginning of the OFR simulation, (ii) a
constant nucleation rate throughout the OFR simulation, (iii)
a time-varying nucleation rate over the OFR simulation
modeled as a Gaussian distribution, and (iv) a nucleation
rate tied to the predicted concentration of extremely low-
volatility organic compounds (ELVOCs; defined below). For
(iii), we expected the nucleating species to initially increase in
concentration to create supersaturated conditions that would
drive nucleation, following which the nucleating species would
decrease in concentration as it condensed onto the particles.
We chose a Gaussian distribution to approximately mimic the
increase and decrease in the nucleation species’ concen-
trations; the time-varying nucleation rate (cm−3 s−1) is
expressed using the following equation:
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where μnuc is the time corresponding to the peak nucleation
rate in s, σnuc is the standard deviation of the distribution in s,
and TNuc is the total number of nucleating particles. These
three parameters can be fitted to reproduce the observed
particle size distributions in the OFR. The Gaussian shape was
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determined a priori. For (iv), the nucleation rate is determined
using the following equation:56,57

= [ ]J a ELVOCnuc 1
a2 (2)

where [ELVOC] is the gas-phase concentration of ELVOCs in
107 cm−3, and a1 and a2 are adjustable parameters. Here,
ELVOCs are limited to only include the gas-phase dimer
species (C20) formed from C10 SOM species at a molar yield of
0.2%,58 as they are likely to be the main drivers for nucleation,
given their extremely low volatility (<10−9 μg m−3).59 The
HOM monomers formed directly from autoxidation reactions
were not included in the ELVOCs (explanation provided in
Section 3.2). The nucleated particles were always added to the
smallest particle size bin in SOM-TOMAS (∼1 nm) in all
schemes.
2.2. α-Pinene SOA EC and OFR Data. We developed

SOM-TOMAS parameters for α-pinene by simultaneously
fitting the model to the measured SOA mass concentration and
the O:C ratio from an EC photooxidation experiment,
performed and described by Chhabra et al.25 The EC
photooxidation experiment, SOA data, and model fitting are
briefly summarized in the Supporting Information (Section
S2). The EC-based parameters were then used to simulate and
evaluate the SOA formation and evolution in OFR α-pinene
photooxidation experiments. We chose OFR experiments that
were performed in the potential aerosol mass (PAM) OFR18

because the results from these OFR experiments are generally
consistent with other OFR studies on α-pinene for the SOA
mass yield and chemical composition.22,60

The PAM OFR used in the studies described here is a 13 L
pyrex cylindrical tube operated in continuous flow mode. In
these OFR experiments, the residence time was distributed
over 600 s with an average residence time of 100 s. OH radicals
were generated inside the OFR by UV photolysis of injected
O3 (λ = 254 nm). The O3 level inside the reactor was 15−30
ppmv, and the RH was 30−40%. No NOx was added to the
reactor. No ammonium sulfate seed was used, so SOA was
formed through nucleation and subsequent growth of pure
SOA particles. The initial concentration of α-pinene was 50
ppbv, and six different OH exposures were achieved by
stepping the UV light intensity. OH concentrations varied
between 5.5 × 108 and 1.7 × 1010 molecules cm−3,
corresponding to OH exposures between 0.4 and 13.2 days
of photochemical aging (assuming an OH concentration of 1.5
× 106 molecules cm−3). Except for the lowest OH exposure,
the OH concentrations were high enough compared to O3 that
α-pinene predominantly reacted with OH and not with O3. At

each OH exposure level, the SOA mass concentration, size
distribution, and O:C ratio were quantified from measure-
ments performed with a scanning mobility particle sizer and
high-resolution aerosol mass spectrometer (HR-AMS). The
OH concentrations used in this work were updated from those
reported in the study of Lambe et al.18 by accounting for small
amounts of OH suppression from the reactivity of the VOC
(Section S3).

2.3. OFR Model Simulations and Sensitivity Tests. We
systematically evaluated the influence from the different
processes in OFR simulations by accounting for one process
at a time, and the model configurations are listed in Table 1.
Model A included gas-phase oxidation and kinetic gas/particle
partitioning assuming a liquid Db (10−10 m2 s−1). In models B
through E, we progressively accounted for the following
processes: PWL (model B), VWL (model C), semisolid Db
(model D), oligomerization (model E), and heterogeneous
oxidation (model F). Size-dependent PWL rates were
estimated from particle transmission efficiencies reported for
the OFR (Section S4).14 The VWL rate (kvap,on) in the OFR
was assumed to be 2.5 × 10−3 s−1.30 Assuming the vapors are
lost to the pyrex walls of the OFR through adsorption instead
of absorption into the surface, the release rate for vapors
(kvap,off) was assumed to be zero. The baseline Db value for
semisolid α-pinene SOA was assumed to be 4 × 10−19 m2 s−1,
consistent with those estimated recently using a combination
of kinetic modeling and EC observations.29,40 The baseline γOH
value for heterogeneous oxidation was assumed to be 1.42

Particle-phase oligomerization was simulated with the same
baseline kf and kr values as those for the EC experiment (kf =
10−24 cm3 molecules−1 s−1; kr = 1.6 × 10−2 s−1).29

Nucleation was assumed to be instantaneous for models A
through F and constant for model G. Models H and I use the
time-dependent nucleation rates (Jnuc) calculated using eqs 1
and 2, respectively. The nucleation rates for model A through
G were tuned separately for each OH exposure to reproduce
the measured total number concentrations. The Jnuc parameters
in model H (μnuc, σnuc, and TNnuc) were optimized separately
for each OH exposure to reproduce the measured number
concentrations and number size distributions. The Jnuc
parameters in model I (a1 and a2) were manually adjusted to
optimize the model-measurement comparison for size
distributions across all OH exposure levels simultaneously.
The SOA at the OFR exit is a mixture of particle populations

having experienced different residence times, as a result of the
nonideal flow inside the OFR. Therefore, we performed all
model simulations for 600 s and weighted the predictions by

Table 1. Model Configurations to Simulate SOA in the OFR Experimenta

model PWL VWL semi-S. olig. het. nucleation NMAEYield NMAEO:C NMAESize

A OFF OFF OFF OFF OFF instantaneous at t = 0 4.95 0.12 8.05
B ON OFF OFF OFF OFF instantaneous at t = 0 1.57 0.16 1.66
C ON ON OFF OFF OFF instantaneous at t = 0 1.36 0.18 1.54
D ON ON ON OFF OFF instantaneous at t = 0 0.91 0.16 1.19
E ON ON ON ON OFF instantaneous at t = 0 1.00 0.16 1.23
F ON ON ON ON ON instantaneous at t = 0 0.28 0.11 0.93
G ON ON ON ON ON constant over 100 s 0.24 0.12 0.76
H ON ON ON ON ON eq 1 (tuned) 0.16 0.15 0.53
I ON ON ON ON ON eq 2 (tuned) 0.22 0.13 0.68

aFor Models A through F, processes of PWL, VWL, semi-solid Db, oligomerization, and heterogeneous oxidation are progressively turned on/
accounted for. For Model G through I, different Jnuc profiles are assigned. The normalized mean absolute errors (NMAE) for SOA mass yield, O:C
and size distributions are shown.
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ABSTRACT: Atmospheric models of secondary organic aerosol
(OA) (SOA) typically rely on parameters derived from environ-
mental chambers. Chambers are subject to experimental artifacts,
including losses of (1) particles to the walls (PWL), (2) vapors to
the particles on the wall (V2PWL), and (3) vapors to the wall
directly (VWL). We present a method for deriving artifact-
corrected SOA parameters and translating these to volatility basis
set (VBS) parameters for use in chemical transport models
(CTMs). Our process involves combining a box model that
accounts for chamber artifacts (Statistical Oxidation Model with a
TwO-Moment Aerosol Sectional model (SOM-TOMAS)) with a
pseudo-atmospheric simulation to develop VBS parameters that
are fit across a range of OA mass concentrations. We found that VWL led to the highest percentage change in chamber SOA mass
yields (high NOx: 36−680%; low NOx: 55−250%), followed by PWL (high NOx: 8−39%; low NOx: 10−37%), while the e!ects of
V2PWL are negligible. In contrast to earlier work that assumed that V2PWL was a meaningful loss pathway, we show that V2PWL is
an unimportant SOA loss pathway and can be ignored when analyzing chamber data. Using our updated VBS parameters, we found
that not accounting for VWL may lead surface-level OA to be underestimated by 24% (0.25 μg m−3) as a global average or up to
130% (9.0 μg m−3) in regions of high biogenic or anthropogenic activity. Finally, we found that accurately accounting for PWL and
VWL improves model-measurement agreement for fine mode aerosol mass concentrations (PM2.5) in the GEOS-Chem model.
KEYWORDS: secondary organic aerosol, vapors, particles, aerosols, wall losses, chamber artifacts, GEOS-Chem, aging,
atmospheric chemistry

1. INTRODUCTION
Secondary organic aerosol (OA) (SOA), formed through the
atmospheric oxidation of volatile organic compounds (VOCs),
makes up a significant fraction of fine particulate matter
(PM2.5)1,2 and consequently impacts air quality, climate, and
human health.3,4 Chemical transport models (CTMs) typically
account for SOA formation using parameterizations, derived
from environmental chamber experiments that are subject to
wall-related experimental artifacts.5 The wall-related artifacts
include (1) particle wall losses (PWL), (2) vapor to particle on
the wall losses (V2PWL), and (3) vapor wall losses (VWL)
(Figure 1). All pathways may impact SOA formation; however,
they are not systematically accounted for in chamber
experiments. While PWL is routinely accounted for, only a
handful of studies have accounted for VWL.5 V2PWL is
frequently accounted for, but typically the corrections use
incorrect physical assumptions.
PWL rate is modulated by particle size, particle charge, and

chamber conditions and can be directly measured.6−8 The

measured loss rates are used to estimate the amount of SOA
deposited on the wall. Subsequently, the PWL estimate is
added to the suspended SOA measurements to determine the
corrected SOA mass concentrations. Some have suggested that
condensable SOA vapors can also be lost to wall-deposited
particles (i.e., V2PWL) (e.g., Weitkamp et al.;9 Hildebrandt et
al.;10 and Liu et al.11). When accounting for V2PWL, these and
many other chamber studies have assumed that there are no
chamber mixing limitations for V2PWL. Therefore, SOA mass
concentrations are corrected by assuming that the gas−particle
partitioning to particles on the wall proceeds in a manner
similar to partitioning on suspended particles.10 In reality,
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condensation to wall-deposited particles are subject to
chamber mixing limitations that are similar to the limitations
that impact direct uptake of vapors to chamber walls.
VWL is an important loss process for vapors across a wide

range of volatilities (c* of 1 to 106 μg m−3).12−17 These losses,
which likely scale with the surface-area-to-volume ratio of the
chamber and the presence of active mixing, tend to depress
SOA formation.18 Measured timescales of VWL rates vary
from more than 5 min (5−10 m3 chamber)15,19,20 to up to 1 h
(∼30 m3 chamber).14 Using process-based models, several
studies have simulated VWL to develop VWL-corrected SOA
parameters.14,16,19,20 When used in 3D models, Cappa et al.21
and Akherati et al.22 showed that VWL-corrected parameters
increased SOA mass concentrations by factors of ∼2−10 and
brought model predictions closer to ambient measurements in
Southern California. Similarly, Hodzic et al.23 demonstrated
that accounting for VWL increased global OA estimates by up
to ∼10 μg m−3 in heavily forested regions.
Correctly accounting for chamber artifacts is crucial to

modeling the evolution and impacts of SOA in the atmosphere.
While the representation of SOA in CTMs has gotten
sophisticated over time with modest improvements in model
performance, simulating the abundance, spatial distribution,
and lifetime of SOA continues to be a challenge for most
regional (Appel et al.67) and global CTMs (Pai et al.64). For
instance, in GEOS-Chem, a global CTM, Pai et al.64 showed
that a simple, empirical scheme to model SOA seems to do as
well or better than a more complex, mechanistic scheme in
reproducing observations of primary, secondary, and total OA.
Chamber artifacts may not be entirely responsible for the
observed di!erences in model performance between the simple
and complex SOA schemes in GEOS-Chem but are likely to be
a contributing factor.
In this work, we present a systematic method for developing

artifact-corrected SOA parameters from chamber studies and
demonstrate the impacts of updating the parameters in GEOS-
Chem. First, we used the Statistical Oxidation Model (SOM)
with a TwO-Moment Aerosol Sectional (TOMAS) model and
data from chamber experiments to develop artifact-corrected
parameters for important SOA precursors (i.e., terpenes,

aromatics, and intermediate volatility organic compounds
(IVOCs)) (Section 2). Second, we used a pseudo-atmospheric
simulation and the artifact-corrected SOA parameters to
develop volatility basis set (VBS) parameters at atmospheri-
cally relevant OA mass concentrations (Section 3). Third, we
implemented the updated VBS parameters in GEOS-Chem to
evaluate how artifact corrections impact global OA and model-
measurement agreement (Section 4). Sections 2, 3, and 4
include both a description of the methods as well as the results
and discussion for each of the models, while Section 5
describes the implications of our results for future atmospheric
SOA modeling. Our study highlights that VWL impacts SOA
formation in environmental chambers to a much greater extent
than PWL and that V2PWL can likely be ignored.

2. ARTIFACT-CORRECTED SOA PARAMETERS
DEVELOPED WITH SOM-TOMAS
2.1. SOM-TOMAS Configuration. We used SOM-

TOMAS to model previously published chamber experi-
ments.24−27 SOM-TOMAS has been described in detail in
previous work.19,28,29 Briefly, SOM uses a statistical approach
to represent the multigenerational oxidation chemistry of
VOCs and their oxidation products and calculates the
thermodynamic properties needed to inform gas−particle
partitioning.30,31 SOM tracks the SOA chemistry using a
two-dimensional grid for carbon and oxygen number. The
carbon numbers on the grid are limited to the carbon number
of the VOC and the oxygen numbers are limited to 7. The
properties of each model species (e.g., reactivity (kOH) and
volatility (c*)) are parameterized based on the compound’s
carbon and oxygen numbers. SOM includes six adjustable
variables: the molar yields of four functionalized products that
sum to one (pf,1−pf,4), the decrease in the volatility of the
model species per additional oxygen atom (ΔLVP), and the
probability of fragmentation (mfrag) parameterized as a
function of the model species’ O:C. TOMAS, meanwhile,
tracks the number and mass moments of the aerosol size
distribution using a sectional approach. TOMAS simulates
nucleation, coagulation, condensation, and evaporation.32,33 In
this work, the particle-phase species from SOM were tracked in
36 TOMAS size sections between 3 and 1000 nm.
In SOM-TOMAS, PWL is simulated using a size-dependent

kernel based on measurements of the loss of ammonium
sulfate seed particles to the chamber wall.27 The same size-
dependent kernel was used to model PWL for all chamber
experiments (details described later) since the shapes of the
kernels from the di!erent chamber studies were found to be
very similar to each other (Figure S1).27,34 All of the chamber
experiments used in this work were performed in the same set
of chambers at the California Institute of Technology
(Caltech) over a five-year period.
Historically, V2PWL has been accounted for empirically by

assuming that the condensable SOA vapors inside the chamber
partition to the SOA deposited on the walls, following the
same physics as the vapors that are condensing to the
suspended SOA. This approach assumes that there is no
chamber mixing limitation for the mass transfer of SOA vapors
to partition to the wall-deposited SOA. However, theoretically,
the physics controlling the condensation of vapors onto
suspended particles and wall-bound particles di!ers. The
condensation kinetics onto suspended particles is controlled by
the condensational sink o!ered by the particles. In contrast,
the kinetics of vapors condensing onto wall-deposited particles

Figure 1. Schematic demonstrating experimental processes that
impact particles and vapors in chamber experiments (vapor shading
indicates that c* varies).
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condensation to wall-deposited particles are subject to
chamber mixing limitations that are similar to the limitations
that impact direct uptake of vapors to chamber walls.
VWL is an important loss process for vapors across a wide

range of volatilities (c* of 1 to 106 μg m−3).12−17 These losses,
which likely scale with the surface-area-to-volume ratio of the
chamber and the presence of active mixing, tend to depress
SOA formation.18 Measured timescales of VWL rates vary
from more than 5 min (5−10 m3 chamber)15,19,20 to up to 1 h
(∼30 m3 chamber).14 Using process-based models, several
studies have simulated VWL to develop VWL-corrected SOA
parameters.14,16,19,20 When used in 3D models, Cappa et al.21
and Akherati et al.22 showed that VWL-corrected parameters
increased SOA mass concentrations by factors of ∼2−10 and
brought model predictions closer to ambient measurements in
Southern California. Similarly, Hodzic et al.23 demonstrated
that accounting for VWL increased global OA estimates by up
to ∼10 μg m−3 in heavily forested regions.
Correctly accounting for chamber artifacts is crucial to

modeling the evolution and impacts of SOA in the atmosphere.
While the representation of SOA in CTMs has gotten
sophisticated over time with modest improvements in model
performance, simulating the abundance, spatial distribution,
and lifetime of SOA continues to be a challenge for most
regional (Appel et al.67) and global CTMs (Pai et al.64). For
instance, in GEOS-Chem, a global CTM, Pai et al.64 showed
that a simple, empirical scheme to model SOA seems to do as
well or better than a more complex, mechanistic scheme in
reproducing observations of primary, secondary, and total OA.
Chamber artifacts may not be entirely responsible for the
observed di!erences in model performance between the simple
and complex SOA schemes in GEOS-Chem but are likely to be
a contributing factor.
In this work, we present a systematic method for developing

artifact-corrected SOA parameters from chamber studies and
demonstrate the impacts of updating the parameters in GEOS-
Chem. First, we used the Statistical Oxidation Model (SOM)
with a TwO-Moment Aerosol Sectional (TOMAS) model and
data from chamber experiments to develop artifact-corrected
parameters for important SOA precursors (i.e., terpenes,

aromatics, and intermediate volatility organic compounds
(IVOCs)) (Section 2). Second, we used a pseudo-atmospheric
simulation and the artifact-corrected SOA parameters to
develop volatility basis set (VBS) parameters at atmospheri-
cally relevant OA mass concentrations (Section 3). Third, we
implemented the updated VBS parameters in GEOS-Chem to
evaluate how artifact corrections impact global OA and model-
measurement agreement (Section 4). Sections 2, 3, and 4
include both a description of the methods as well as the results
and discussion for each of the models, while Section 5
describes the implications of our results for future atmospheric
SOA modeling. Our study highlights that VWL impacts SOA
formation in environmental chambers to a much greater extent
than PWL and that V2PWL can likely be ignored.

2. ARTIFACT-CORRECTED SOA PARAMETERS
DEVELOPED WITH SOM-TOMAS
2.1. SOM-TOMAS Configuration. We used SOM-

TOMAS to model previously published chamber experi-
ments.24−27 SOM-TOMAS has been described in detail in
previous work.19,28,29 Briefly, SOM uses a statistical approach
to represent the multigenerational oxidation chemistry of
VOCs and their oxidation products and calculates the
thermodynamic properties needed to inform gas−particle
partitioning.30,31 SOM tracks the SOA chemistry using a
two-dimensional grid for carbon and oxygen number. The
carbon numbers on the grid are limited to the carbon number
of the VOC and the oxygen numbers are limited to 7. The
properties of each model species (e.g., reactivity (kOH) and
volatility (c*)) are parameterized based on the compound’s
carbon and oxygen numbers. SOM includes six adjustable
variables: the molar yields of four functionalized products that
sum to one (pf,1−pf,4), the decrease in the volatility of the
model species per additional oxygen atom (ΔLVP), and the
probability of fragmentation (mfrag) parameterized as a
function of the model species’ O:C. TOMAS, meanwhile,
tracks the number and mass moments of the aerosol size
distribution using a sectional approach. TOMAS simulates
nucleation, coagulation, condensation, and evaporation.32,33 In
this work, the particle-phase species from SOM were tracked in
36 TOMAS size sections between 3 and 1000 nm.
In SOM-TOMAS, PWL is simulated using a size-dependent

kernel based on measurements of the loss of ammonium
sulfate seed particles to the chamber wall.27 The same size-
dependent kernel was used to model PWL for all chamber
experiments (details described later) since the shapes of the
kernels from the di!erent chamber studies were found to be
very similar to each other (Figure S1).27,34 All of the chamber
experiments used in this work were performed in the same set
of chambers at the California Institute of Technology
(Caltech) over a five-year period.
Historically, V2PWL has been accounted for empirically by

assuming that the condensable SOA vapors inside the chamber
partition to the SOA deposited on the walls, following the
same physics as the vapors that are condensing to the
suspended SOA. This approach assumes that there is no
chamber mixing limitation for the mass transfer of SOA vapors
to partition to the wall-deposited SOA. However, theoretically,
the physics controlling the condensation of vapors onto
suspended particles and wall-bound particles di!ers. The
condensation kinetics onto suspended particles is controlled by
the condensational sink o!ered by the particles. In contrast,
the kinetics of vapors condensing onto wall-deposited particles

Figure 1. Schematic demonstrating experimental processes that
impact particles and vapors in chamber experiments (vapor shading
indicates that c* varies).
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condensation to wall-deposited particles are subject to
chamber mixing limitations that are similar to the limitations
that impact direct uptake of vapors to chamber walls.
VWL is an important loss process for vapors across a wide

range of volatilities (c* of 1 to 106 μg m−3).12−17 These losses,
which likely scale with the surface-area-to-volume ratio of the
chamber and the presence of active mixing, tend to depress
SOA formation.18 Measured timescales of VWL rates vary
from more than 5 min (5−10 m3 chamber)15,19,20 to up to 1 h
(∼30 m3 chamber).14 Using process-based models, several
studies have simulated VWL to develop VWL-corrected SOA
parameters.14,16,19,20 When used in 3D models, Cappa et al.21
and Akherati et al.22 showed that VWL-corrected parameters
increased SOA mass concentrations by factors of ∼2−10 and
brought model predictions closer to ambient measurements in
Southern California. Similarly, Hodzic et al.23 demonstrated
that accounting for VWL increased global OA estimates by up
to ∼10 μg m−3 in heavily forested regions.
Correctly accounting for chamber artifacts is crucial to

modeling the evolution and impacts of SOA in the atmosphere.
While the representation of SOA in CTMs has gotten
sophisticated over time with modest improvements in model
performance, simulating the abundance, spatial distribution,
and lifetime of SOA continues to be a challenge for most
regional (Appel et al.67) and global CTMs (Pai et al.64). For
instance, in GEOS-Chem, a global CTM, Pai et al.64 showed
that a simple, empirical scheme to model SOA seems to do as
well or better than a more complex, mechanistic scheme in
reproducing observations of primary, secondary, and total OA.
Chamber artifacts may not be entirely responsible for the
observed di!erences in model performance between the simple
and complex SOA schemes in GEOS-Chem but are likely to be
a contributing factor.
In this work, we present a systematic method for developing

artifact-corrected SOA parameters from chamber studies and
demonstrate the impacts of updating the parameters in GEOS-
Chem. First, we used the Statistical Oxidation Model (SOM)
with a TwO-Moment Aerosol Sectional (TOMAS) model and
data from chamber experiments to develop artifact-corrected
parameters for important SOA precursors (i.e., terpenes,

aromatics, and intermediate volatility organic compounds
(IVOCs)) (Section 2). Second, we used a pseudo-atmospheric
simulation and the artifact-corrected SOA parameters to
develop volatility basis set (VBS) parameters at atmospheri-
cally relevant OA mass concentrations (Section 3). Third, we
implemented the updated VBS parameters in GEOS-Chem to
evaluate how artifact corrections impact global OA and model-
measurement agreement (Section 4). Sections 2, 3, and 4
include both a description of the methods as well as the results
and discussion for each of the models, while Section 5
describes the implications of our results for future atmospheric
SOA modeling. Our study highlights that VWL impacts SOA
formation in environmental chambers to a much greater extent
than PWL and that V2PWL can likely be ignored.

2. ARTIFACT-CORRECTED SOA PARAMETERS
DEVELOPED WITH SOM-TOMAS
2.1. SOM-TOMAS Configuration. We used SOM-

TOMAS to model previously published chamber experi-
ments.24−27 SOM-TOMAS has been described in detail in
previous work.19,28,29 Briefly, SOM uses a statistical approach
to represent the multigenerational oxidation chemistry of
VOCs and their oxidation products and calculates the
thermodynamic properties needed to inform gas−particle
partitioning.30,31 SOM tracks the SOA chemistry using a
two-dimensional grid for carbon and oxygen number. The
carbon numbers on the grid are limited to the carbon number
of the VOC and the oxygen numbers are limited to 7. The
properties of each model species (e.g., reactivity (kOH) and
volatility (c*)) are parameterized based on the compound’s
carbon and oxygen numbers. SOM includes six adjustable
variables: the molar yields of four functionalized products that
sum to one (pf,1−pf,4), the decrease in the volatility of the
model species per additional oxygen atom (ΔLVP), and the
probability of fragmentation (mfrag) parameterized as a
function of the model species’ O:C. TOMAS, meanwhile,
tracks the number and mass moments of the aerosol size
distribution using a sectional approach. TOMAS simulates
nucleation, coagulation, condensation, and evaporation.32,33 In
this work, the particle-phase species from SOM were tracked in
36 TOMAS size sections between 3 and 1000 nm.
In SOM-TOMAS, PWL is simulated using a size-dependent

kernel based on measurements of the loss of ammonium
sulfate seed particles to the chamber wall.27 The same size-
dependent kernel was used to model PWL for all chamber
experiments (details described later) since the shapes of the
kernels from the di!erent chamber studies were found to be
very similar to each other (Figure S1).27,34 All of the chamber
experiments used in this work were performed in the same set
of chambers at the California Institute of Technology
(Caltech) over a five-year period.
Historically, V2PWL has been accounted for empirically by

assuming that the condensable SOA vapors inside the chamber
partition to the SOA deposited on the walls, following the
same physics as the vapors that are condensing to the
suspended SOA. This approach assumes that there is no
chamber mixing limitation for the mass transfer of SOA vapors
to partition to the wall-deposited SOA. However, theoretically,
the physics controlling the condensation of vapors onto
suspended particles and wall-bound particles di!ers. The
condensation kinetics onto suspended particles is controlled by
the condensational sink o!ered by the particles. In contrast,
the kinetics of vapors condensing onto wall-deposited particles

Figure 1. Schematic demonstrating experimental processes that
impact particles and vapors in chamber experiments (vapor shading
indicates that c* varies).
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FIGURE 1. Comparison of data for aerosol wall 
deposition rates in smog chambers with theoreti- 
cal predictions. Note that measured wall deposi- 
tion rates exceed expected values for particles in 
the 0.1 to 1.0 pm diameter range if electrostatic 
effects are not considered. 

acquire electrostatic charge, which may lead 
to a local electric field near the surface. Such 
fields will influence the deposition of charged 
particles. 

Cooper et al. (1979) measured wall de- 
position rates of neutral and charged par- 
ticles in 130-liter aluminized mylar bags. 
They found that singly charged particles were 
removed much more quickly than neutral 
particles, and that deposition rates of charged 
particles were substantially reduced by treat- 
ing the outside of the bag with an antistatic 
agent. Also, deposition rates of charged par- 
ticles were quite variable from experiment to 
experiment. Saucy et al. (1983) also found 
that charged particles were lost faster in a 
large Teflon smog chamber than were neu- 

tralized aerosols. These observations support 
the hypothesis that electrostatic forces can 
play an important role in wall deposition in 
vessels. 

In the present study, the theory of Crump 
and Seinfeld (1981) is extended to include 
electrostatic deposition. Theory is compared 
with data for loss rates of aerosols in 250-liter 
Teflon film bags in which experiments were 
done with particles of known size and charge. 
Agreement between theory and experiment is 
satisfactory provided that charging and neu- 
tralization of the aerosols by ions is taken 
into account. The theory is also used to 
calculate loss rates of particles in large (60 
m3) smog chambers, and theoretical predic- 
tions are compared with the data reported 
elsewhere (McMurry and Grosjean, 1985). 

The present paper focuses on develop- 
ment and experimental validation of the the- 
ory. In a future paper (McMurry and 
Grosjean, 1985), the effects of gas and aero- 
sol wall deposition on results of smog cham- 
ber studies will be discussed. 

McMurry and Rader, ES&T, 1985
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condensation to wall-deposited particles are subject to
chamber mixing limitations that are similar to the limitations
that impact direct uptake of vapors to chamber walls.
VWL is an important loss process for vapors across a wide

range of volatilities (c* of 1 to 106 μg m−3).12−17 These losses,
which likely scale with the surface-area-to-volume ratio of the
chamber and the presence of active mixing, tend to depress
SOA formation.18 Measured timescales of VWL rates vary
from more than 5 min (5−10 m3 chamber)15,19,20 to up to 1 h
(∼30 m3 chamber).14 Using process-based models, several
studies have simulated VWL to develop VWL-corrected SOA
parameters.14,16,19,20 When used in 3D models, Cappa et al.21
and Akherati et al.22 showed that VWL-corrected parameters
increased SOA mass concentrations by factors of ∼2−10 and
brought model predictions closer to ambient measurements in
Southern California. Similarly, Hodzic et al.23 demonstrated
that accounting for VWL increased global OA estimates by up
to ∼10 μg m−3 in heavily forested regions.
Correctly accounting for chamber artifacts is crucial to

modeling the evolution and impacts of SOA in the atmosphere.
While the representation of SOA in CTMs has gotten
sophisticated over time with modest improvements in model
performance, simulating the abundance, spatial distribution,
and lifetime of SOA continues to be a challenge for most
regional (Appel et al.67) and global CTMs (Pai et al.64). For
instance, in GEOS-Chem, a global CTM, Pai et al.64 showed
that a simple, empirical scheme to model SOA seems to do as
well or better than a more complex, mechanistic scheme in
reproducing observations of primary, secondary, and total OA.
Chamber artifacts may not be entirely responsible for the
observed di!erences in model performance between the simple
and complex SOA schemes in GEOS-Chem but are likely to be
a contributing factor.
In this work, we present a systematic method for developing

artifact-corrected SOA parameters from chamber studies and
demonstrate the impacts of updating the parameters in GEOS-
Chem. First, we used the Statistical Oxidation Model (SOM)
with a TwO-Moment Aerosol Sectional (TOMAS) model and
data from chamber experiments to develop artifact-corrected
parameters for important SOA precursors (i.e., terpenes,

aromatics, and intermediate volatility organic compounds
(IVOCs)) (Section 2). Second, we used a pseudo-atmospheric
simulation and the artifact-corrected SOA parameters to
develop volatility basis set (VBS) parameters at atmospheri-
cally relevant OA mass concentrations (Section 3). Third, we
implemented the updated VBS parameters in GEOS-Chem to
evaluate how artifact corrections impact global OA and model-
measurement agreement (Section 4). Sections 2, 3, and 4
include both a description of the methods as well as the results
and discussion for each of the models, while Section 5
describes the implications of our results for future atmospheric
SOA modeling. Our study highlights that VWL impacts SOA
formation in environmental chambers to a much greater extent
than PWL and that V2PWL can likely be ignored.

2. ARTIFACT-CORRECTED SOA PARAMETERS
DEVELOPED WITH SOM-TOMAS
2.1. SOM-TOMAS Configuration. We used SOM-

TOMAS to model previously published chamber experi-
ments.24−27 SOM-TOMAS has been described in detail in
previous work.19,28,29 Briefly, SOM uses a statistical approach
to represent the multigenerational oxidation chemistry of
VOCs and their oxidation products and calculates the
thermodynamic properties needed to inform gas−particle
partitioning.30,31 SOM tracks the SOA chemistry using a
two-dimensional grid for carbon and oxygen number. The
carbon numbers on the grid are limited to the carbon number
of the VOC and the oxygen numbers are limited to 7. The
properties of each model species (e.g., reactivity (kOH) and
volatility (c*)) are parameterized based on the compound’s
carbon and oxygen numbers. SOM includes six adjustable
variables: the molar yields of four functionalized products that
sum to one (pf,1−pf,4), the decrease in the volatility of the
model species per additional oxygen atom (ΔLVP), and the
probability of fragmentation (mfrag) parameterized as a
function of the model species’ O:C. TOMAS, meanwhile,
tracks the number and mass moments of the aerosol size
distribution using a sectional approach. TOMAS simulates
nucleation, coagulation, condensation, and evaporation.32,33 In
this work, the particle-phase species from SOM were tracked in
36 TOMAS size sections between 3 and 1000 nm.
In SOM-TOMAS, PWL is simulated using a size-dependent

kernel based on measurements of the loss of ammonium
sulfate seed particles to the chamber wall.27 The same size-
dependent kernel was used to model PWL for all chamber
experiments (details described later) since the shapes of the
kernels from the di!erent chamber studies were found to be
very similar to each other (Figure S1).27,34 All of the chamber
experiments used in this work were performed in the same set
of chambers at the California Institute of Technology
(Caltech) over a five-year period.
Historically, V2PWL has been accounted for empirically by

assuming that the condensable SOA vapors inside the chamber
partition to the SOA deposited on the walls, following the
same physics as the vapors that are condensing to the
suspended SOA. This approach assumes that there is no
chamber mixing limitation for the mass transfer of SOA vapors
to partition to the wall-deposited SOA. However, theoretically,
the physics controlling the condensation of vapors onto
suspended particles and wall-bound particles di!ers. The
condensation kinetics onto suspended particles is controlled by
the condensational sink o!ered by the particles. In contrast,
the kinetics of vapors condensing onto wall-deposited particles

Figure 1. Schematic demonstrating experimental processes that
impact particles and vapors in chamber experiments (vapor shading
indicates that c* varies).
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condensation to wall-deposited particles are subject to
chamber mixing limitations that are similar to the limitations
that impact direct uptake of vapors to chamber walls.
VWL is an important loss process for vapors across a wide

range of volatilities (c* of 1 to 106 μg m−3).12−17 These losses,
which likely scale with the surface-area-to-volume ratio of the
chamber and the presence of active mixing, tend to depress
SOA formation.18 Measured timescales of VWL rates vary
from more than 5 min (5−10 m3 chamber)15,19,20 to up to 1 h
(∼30 m3 chamber).14 Using process-based models, several
studies have simulated VWL to develop VWL-corrected SOA
parameters.14,16,19,20 When used in 3D models, Cappa et al.21
and Akherati et al.22 showed that VWL-corrected parameters
increased SOA mass concentrations by factors of ∼2−10 and
brought model predictions closer to ambient measurements in
Southern California. Similarly, Hodzic et al.23 demonstrated
that accounting for VWL increased global OA estimates by up
to ∼10 μg m−3 in heavily forested regions.
Correctly accounting for chamber artifacts is crucial to

modeling the evolution and impacts of SOA in the atmosphere.
While the representation of SOA in CTMs has gotten
sophisticated over time with modest improvements in model
performance, simulating the abundance, spatial distribution,
and lifetime of SOA continues to be a challenge for most
regional (Appel et al.67) and global CTMs (Pai et al.64). For
instance, in GEOS-Chem, a global CTM, Pai et al.64 showed
that a simple, empirical scheme to model SOA seems to do as
well or better than a more complex, mechanistic scheme in
reproducing observations of primary, secondary, and total OA.
Chamber artifacts may not be entirely responsible for the
observed di!erences in model performance between the simple
and complex SOA schemes in GEOS-Chem but are likely to be
a contributing factor.
In this work, we present a systematic method for developing

artifact-corrected SOA parameters from chamber studies and
demonstrate the impacts of updating the parameters in GEOS-
Chem. First, we used the Statistical Oxidation Model (SOM)
with a TwO-Moment Aerosol Sectional (TOMAS) model and
data from chamber experiments to develop artifact-corrected
parameters for important SOA precursors (i.e., terpenes,

aromatics, and intermediate volatility organic compounds
(IVOCs)) (Section 2). Second, we used a pseudo-atmospheric
simulation and the artifact-corrected SOA parameters to
develop volatility basis set (VBS) parameters at atmospheri-
cally relevant OA mass concentrations (Section 3). Third, we
implemented the updated VBS parameters in GEOS-Chem to
evaluate how artifact corrections impact global OA and model-
measurement agreement (Section 4). Sections 2, 3, and 4
include both a description of the methods as well as the results
and discussion for each of the models, while Section 5
describes the implications of our results for future atmospheric
SOA modeling. Our study highlights that VWL impacts SOA
formation in environmental chambers to a much greater extent
than PWL and that V2PWL can likely be ignored.

2. ARTIFACT-CORRECTED SOA PARAMETERS
DEVELOPED WITH SOM-TOMAS
2.1. SOM-TOMAS Configuration. We used SOM-

TOMAS to model previously published chamber experi-
ments.24−27 SOM-TOMAS has been described in detail in
previous work.19,28,29 Briefly, SOM uses a statistical approach
to represent the multigenerational oxidation chemistry of
VOCs and their oxidation products and calculates the
thermodynamic properties needed to inform gas−particle
partitioning.30,31 SOM tracks the SOA chemistry using a
two-dimensional grid for carbon and oxygen number. The
carbon numbers on the grid are limited to the carbon number
of the VOC and the oxygen numbers are limited to 7. The
properties of each model species (e.g., reactivity (kOH) and
volatility (c*)) are parameterized based on the compound’s
carbon and oxygen numbers. SOM includes six adjustable
variables: the molar yields of four functionalized products that
sum to one (pf,1−pf,4), the decrease in the volatility of the
model species per additional oxygen atom (ΔLVP), and the
probability of fragmentation (mfrag) parameterized as a
function of the model species’ O:C. TOMAS, meanwhile,
tracks the number and mass moments of the aerosol size
distribution using a sectional approach. TOMAS simulates
nucleation, coagulation, condensation, and evaporation.32,33 In
this work, the particle-phase species from SOM were tracked in
36 TOMAS size sections between 3 and 1000 nm.
In SOM-TOMAS, PWL is simulated using a size-dependent

kernel based on measurements of the loss of ammonium
sulfate seed particles to the chamber wall.27 The same size-
dependent kernel was used to model PWL for all chamber
experiments (details described later) since the shapes of the
kernels from the di!erent chamber studies were found to be
very similar to each other (Figure S1).27,34 All of the chamber
experiments used in this work were performed in the same set
of chambers at the California Institute of Technology
(Caltech) over a five-year period.
Historically, V2PWL has been accounted for empirically by

assuming that the condensable SOA vapors inside the chamber
partition to the SOA deposited on the walls, following the
same physics as the vapors that are condensing to the
suspended SOA. This approach assumes that there is no
chamber mixing limitation for the mass transfer of SOA vapors
to partition to the wall-deposited SOA. However, theoretically,
the physics controlling the condensation of vapors onto
suspended particles and wall-bound particles di!ers. The
condensation kinetics onto suspended particles is controlled by
the condensational sink o!ered by the particles. In contrast,
the kinetics of vapors condensing onto wall-deposited particles

Figure 1. Schematic demonstrating experimental processes that
impact particles and vapors in chamber experiments (vapor shading
indicates that c* varies).
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FIGURE 1. Comparison of data for aerosol wall 
deposition rates in smog chambers with theoreti- 
cal predictions. Note that measured wall deposi- 
tion rates exceed expected values for particles in 
the 0.1 to 1.0 pm diameter range if electrostatic 
effects are not considered. 

acquire electrostatic charge, which may lead 
to a local electric field near the surface. Such 
fields will influence the deposition of charged 
particles. 

Cooper et al. (1979) measured wall de- 
position rates of neutral and charged par- 
ticles in 130-liter aluminized mylar bags. 
They found that singly charged particles were 
removed much more quickly than neutral 
particles, and that deposition rates of charged 
particles were substantially reduced by treat- 
ing the outside of the bag with an antistatic 
agent. Also, deposition rates of charged par- 
ticles were quite variable from experiment to 
experiment. Saucy et al. (1983) also found 
that charged particles were lost faster in a 
large Teflon smog chamber than were neu- 

tralized aerosols. These observations support 
the hypothesis that electrostatic forces can 
play an important role in wall deposition in 
vessels. 

In the present study, the theory of Crump 
and Seinfeld (1981) is extended to include 
electrostatic deposition. Theory is compared 
with data for loss rates of aerosols in 250-liter 
Teflon film bags in which experiments were 
done with particles of known size and charge. 
Agreement between theory and experiment is 
satisfactory provided that charging and neu- 
tralization of the aerosols by ions is taken 
into account. The theory is also used to 
calculate loss rates of particles in large (60 
m3) smog chambers, and theoretical predic- 
tions are compared with the data reported 
elsewhere (McMurry and Grosjean, 1985). 

The present paper focuses on develop- 
ment and experimental validation of the the- 
ory. In a future paper (McMurry and 
Grosjean, 1985), the effects of gas and aero- 
sol wall deposition on results of smog cham- 
ber studies will be discussed. 

McMurry and Rader, ES&T, 1985

First, to avoid partitioning of gaseous compounds to
particles, all experiments were performed with no detectable
condensation sink to particles present in the chamber
(corresponding to an infinite (or very long compared to the
experiments) condensation sink time scale. The condensation
time scale (τ, in units of s) can be calculated using the following
formulas:26

γ= ̅k c A1
4uptake (1)

τ =
k

1
cond

uptake (2)

where c ̅ is the mean speed of LVOC molecules in the gas-phase,
γ is the uptake coefficient, and A is the aerosol surface area. c ̅
was calculated for a representative molecular weight of 250
amu. Because any particles present would be <50 nm, the
Fuchs-Sutugin correction for the transition regime is small27

and can be neglected. Particle number concentrations and
surface area were continuously monitored using an ultrafine
condensation particle counter (UCPC, TSI 3776) with a
particle size cutoff of 2.5 nm and a counting efficiency of 100%
at 3 nm and 60% at 2.5 nm. Prior to each experiment the
chamber was thoroughly flushed for at least 24 h and irradiated
with full-strength UV lights for several hours. Initial particle
concentrations were 0 cm−3, corresponding to a condensation
sink of 0 s−1. The UCPC size cutoff of 2.5 nm means that there
could have been particles smaller than 2.5 nm in the chamber,
but the condensation sink would still be negligible.
Experiments were aborted if UCPC particle counts rose

above 200 cm−3 during an experiment. In select experiments
the particle mass concentration was also monitored using a TSI
3081 scanning mobility particle sizer (SMPS) with a TSI 3772
condensation particle counter, with a particle size cutoff of 10
nm and a counting efficiency of 100% at 30 nm and 60% at 12
nm. No measurable particle mass was observed when particle
number concentrations were less than 200 cm−3.
Second, initial total concentrations of added VOCs were low

enough and the irradiation time short enough to prevent VOC
precursors from partitioning into the aerosol phase and to limit
the amount of oxygenated low-volatility products formed in a
short photochemical reaction period. Only a very small fraction
(∼2−3%) of the VOCs was consumed in an experiment. This
very short “burst” of photochemical oxidation was deliberate:
longer irradiation by UV lights would have resulted in a less
precisely defined start time for the GWP process, and may have
also resulted in SOA formation, thus providing a competing
sink for vapors. Since only a very small fraction of the VOCs
reacted during one burst, the lights could be turned on for three
or four of these 10 s bursts (while allowing time between for
products formed in the previous burst to equilibrate with the
walls) before particle concentrations exceeded 200 cm−3 and
forced termination of the experiment, thus providing multiple
opportunities per experiment to monitor dynamic gas-wall
partitioning. No dependence of τGWE on the burst number
within a given experiment was observed (SI Figure S4).

■ RESULTS AND DISCUSSION
Determination of Gas-Wall Partitioning Time Scales.

The CIMS detected small quantities (estimated to be in the ppt
range) of first and second generation trifunctional and
tetrafunctional products formed from the OH radical-initiated
oxidation of the 1-alcohols under high-NO conditions. The

same products, consisting of dihydroxynitrates (DHN),
trihydroxynitrates (THN), and dihydroxycarbonylnitrates
(DHCN), were formed from each of the C6−C12 1-alcohol
precursors, consistent with previous studies of alkane and
alkene oxidation.28,29 The I-CIMS also detected first generation
hydroxynitrates that were not detected by the NO3−CIMS. All
detected products and some of their molecular properties are
listed in SI Table S2, and a mechanism for their formation is
shown in SI Figure S5.
As an example, the time profiles of the C6−C12 THN formed

during one experiment in which the UV lights were turned on
for 10 s are shown in Figure 1. The ion signals increased almost

immediately after the lights were turned on and then reached a
peak at 16 s. We attribute the slight delay in the peak time to
the residence time of the sample air in the inlet and ion source
(estimated to be 1 and 3 s, respectively), as well as a short
initial warm-up period for the UV lights (1−2 s), and believe
that the observed peak signals correspond to the maximum
concentrations of products in the chamber. In previous
studies7,8 in which VOCs were added to the chamber (rather
than being formed in situ) and concentrations were measured
over time using gas chromatography, the peak concentration
was not observable because the sampling line was allowed to
equilibrate for 20 min prior to sample collection. Instead, the
initial concentration was determined from the amount of VOC
injected.
After reaching their peak, the gas-phase concentrations of the

observed reaction products decreased monotonically. This
decay was not due to further reactions, since there were no OH
radicals in the chamber after the UV lights were turned off (the
lifetime of OH radicals estimated from the total 1-alcohol
concentration of ∼2ppmv and an OH radical rate constant30 of
1.4 × 10−11 cm3 molecule−1 s−1 was ∼1 ms), and the added NO
prevented formation of O3 and NO3 radicals. There were also
no particles in the chamber into which the gas-phase products
could partition and thus not be observable with the CIMS. The
only sink available was therefore gas-wall partitioning. The time
scale for reaching gas-wall partitioning equilibrium was

Figure 1. Time series for gas-phase C6−C12 trihydroxynitrates (THN)
as observed by the NO3−CIMS during one typical gas-wall
partitioning experiment. The UV lights were turned on for 10 s,
leading to a rapid increase in the concentrations of reaction products
for ∼16 s, and then a rapid decline for ∼20 min before gas-wall
equilibrium was reached after ∼45 min. The dotted black lines show
single exponential fits used to extract gas-wall partitioning time scales,
which are listed for each compound in the legend along with an
uncertainty (standard deviation). Data were acquired at 1 Hz, but the
traces shown here have been smoothed over 30 s using a binomial
algorithm to reduce random noise and improve visual clarity.
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condensation to wall-deposited particles are subject to
chamber mixing limitations that are similar to the limitations
that impact direct uptake of vapors to chamber walls.
VWL is an important loss process for vapors across a wide

range of volatilities (c* of 1 to 106 μg m−3).12−17 These losses,
which likely scale with the surface-area-to-volume ratio of the
chamber and the presence of active mixing, tend to depress
SOA formation.18 Measured timescales of VWL rates vary
from more than 5 min (5−10 m3 chamber)15,19,20 to up to 1 h
(∼30 m3 chamber).14 Using process-based models, several
studies have simulated VWL to develop VWL-corrected SOA
parameters.14,16,19,20 When used in 3D models, Cappa et al.21
and Akherati et al.22 showed that VWL-corrected parameters
increased SOA mass concentrations by factors of ∼2−10 and
brought model predictions closer to ambient measurements in
Southern California. Similarly, Hodzic et al.23 demonstrated
that accounting for VWL increased global OA estimates by up
to ∼10 μg m−3 in heavily forested regions.
Correctly accounting for chamber artifacts is crucial to

modeling the evolution and impacts of SOA in the atmosphere.
While the representation of SOA in CTMs has gotten
sophisticated over time with modest improvements in model
performance, simulating the abundance, spatial distribution,
and lifetime of SOA continues to be a challenge for most
regional (Appel et al.67) and global CTMs (Pai et al.64). For
instance, in GEOS-Chem, a global CTM, Pai et al.64 showed
that a simple, empirical scheme to model SOA seems to do as
well or better than a more complex, mechanistic scheme in
reproducing observations of primary, secondary, and total OA.
Chamber artifacts may not be entirely responsible for the
observed di!erences in model performance between the simple
and complex SOA schemes in GEOS-Chem but are likely to be
a contributing factor.
In this work, we present a systematic method for developing

artifact-corrected SOA parameters from chamber studies and
demonstrate the impacts of updating the parameters in GEOS-
Chem. First, we used the Statistical Oxidation Model (SOM)
with a TwO-Moment Aerosol Sectional (TOMAS) model and
data from chamber experiments to develop artifact-corrected
parameters for important SOA precursors (i.e., terpenes,

aromatics, and intermediate volatility organic compounds
(IVOCs)) (Section 2). Second, we used a pseudo-atmospheric
simulation and the artifact-corrected SOA parameters to
develop volatility basis set (VBS) parameters at atmospheri-
cally relevant OA mass concentrations (Section 3). Third, we
implemented the updated VBS parameters in GEOS-Chem to
evaluate how artifact corrections impact global OA and model-
measurement agreement (Section 4). Sections 2, 3, and 4
include both a description of the methods as well as the results
and discussion for each of the models, while Section 5
describes the implications of our results for future atmospheric
SOA modeling. Our study highlights that VWL impacts SOA
formation in environmental chambers to a much greater extent
than PWL and that V2PWL can likely be ignored.

2. ARTIFACT-CORRECTED SOA PARAMETERS
DEVELOPED WITH SOM-TOMAS
2.1. SOM-TOMAS Configuration. We used SOM-

TOMAS to model previously published chamber experi-
ments.24−27 SOM-TOMAS has been described in detail in
previous work.19,28,29 Briefly, SOM uses a statistical approach
to represent the multigenerational oxidation chemistry of
VOCs and their oxidation products and calculates the
thermodynamic properties needed to inform gas−particle
partitioning.30,31 SOM tracks the SOA chemistry using a
two-dimensional grid for carbon and oxygen number. The
carbon numbers on the grid are limited to the carbon number
of the VOC and the oxygen numbers are limited to 7. The
properties of each model species (e.g., reactivity (kOH) and
volatility (c*)) are parameterized based on the compound’s
carbon and oxygen numbers. SOM includes six adjustable
variables: the molar yields of four functionalized products that
sum to one (pf,1−pf,4), the decrease in the volatility of the
model species per additional oxygen atom (ΔLVP), and the
probability of fragmentation (mfrag) parameterized as a
function of the model species’ O:C. TOMAS, meanwhile,
tracks the number and mass moments of the aerosol size
distribution using a sectional approach. TOMAS simulates
nucleation, coagulation, condensation, and evaporation.32,33 In
this work, the particle-phase species from SOM were tracked in
36 TOMAS size sections between 3 and 1000 nm.
In SOM-TOMAS, PWL is simulated using a size-dependent

kernel based on measurements of the loss of ammonium
sulfate seed particles to the chamber wall.27 The same size-
dependent kernel was used to model PWL for all chamber
experiments (details described later) since the shapes of the
kernels from the di!erent chamber studies were found to be
very similar to each other (Figure S1).27,34 All of the chamber
experiments used in this work were performed in the same set
of chambers at the California Institute of Technology
(Caltech) over a five-year period.
Historically, V2PWL has been accounted for empirically by

assuming that the condensable SOA vapors inside the chamber
partition to the SOA deposited on the walls, following the
same physics as the vapors that are condensing to the
suspended SOA. This approach assumes that there is no
chamber mixing limitation for the mass transfer of SOA vapors
to partition to the wall-deposited SOA. However, theoretically,
the physics controlling the condensation of vapors onto
suspended particles and wall-bound particles di!ers. The
condensation kinetics onto suspended particles is controlled by
the condensational sink o!ered by the particles. In contrast,
the kinetics of vapors condensing onto wall-deposited particles

Figure 1. Schematic demonstrating experimental processes that
impact particles and vapors in chamber experiments (vapor shading
indicates that c* varies).
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FIGURE 1. Comparison of data for aerosol wall 
deposition rates in smog chambers with theoreti- 
cal predictions. Note that measured wall deposi- 
tion rates exceed expected values for particles in 
the 0.1 to 1.0 pm diameter range if electrostatic 
effects are not considered. 

acquire electrostatic charge, which may lead 
to a local electric field near the surface. Such 
fields will influence the deposition of charged 
particles. 

Cooper et al. (1979) measured wall de- 
position rates of neutral and charged par- 
ticles in 130-liter aluminized mylar bags. 
They found that singly charged particles were 
removed much more quickly than neutral 
particles, and that deposition rates of charged 
particles were substantially reduced by treat- 
ing the outside of the bag with an antistatic 
agent. Also, deposition rates of charged par- 
ticles were quite variable from experiment to 
experiment. Saucy et al. (1983) also found 
that charged particles were lost faster in a 
large Teflon smog chamber than were neu- 

tralized aerosols. These observations support 
the hypothesis that electrostatic forces can 
play an important role in wall deposition in 
vessels. 

In the present study, the theory of Crump 
and Seinfeld (1981) is extended to include 
electrostatic deposition. Theory is compared 
with data for loss rates of aerosols in 250-liter 
Teflon film bags in which experiments were 
done with particles of known size and charge. 
Agreement between theory and experiment is 
satisfactory provided that charging and neu- 
tralization of the aerosols by ions is taken 
into account. The theory is also used to 
calculate loss rates of particles in large (60 
m3) smog chambers, and theoretical predic- 
tions are compared with the data reported 
elsewhere (McMurry and Grosjean, 1985). 

The present paper focuses on develop- 
ment and experimental validation of the the- 
ory. In a future paper (McMurry and 
Grosjean, 1985), the effects of gas and aero- 
sol wall deposition on results of smog cham- 
ber studies will be discussed. 

McMurry and Rader, ES&T, 1985
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condensation to wall-deposited particles are subject to
chamber mixing limitations that are similar to the limitations
that impact direct uptake of vapors to chamber walls.
VWL is an important loss process for vapors across a wide

range of volatilities (c* of 1 to 106 μg m−3).12−17 These losses,
which likely scale with the surface-area-to-volume ratio of the
chamber and the presence of active mixing, tend to depress
SOA formation.18 Measured timescales of VWL rates vary
from more than 5 min (5−10 m3 chamber)15,19,20 to up to 1 h
(∼30 m3 chamber).14 Using process-based models, several
studies have simulated VWL to develop VWL-corrected SOA
parameters.14,16,19,20 When used in 3D models, Cappa et al.21
and Akherati et al.22 showed that VWL-corrected parameters
increased SOA mass concentrations by factors of ∼2−10 and
brought model predictions closer to ambient measurements in
Southern California. Similarly, Hodzic et al.23 demonstrated
that accounting for VWL increased global OA estimates by up
to ∼10 μg m−3 in heavily forested regions.
Correctly accounting for chamber artifacts is crucial to

modeling the evolution and impacts of SOA in the atmosphere.
While the representation of SOA in CTMs has gotten
sophisticated over time with modest improvements in model
performance, simulating the abundance, spatial distribution,
and lifetime of SOA continues to be a challenge for most
regional (Appel et al.67) and global CTMs (Pai et al.64). For
instance, in GEOS-Chem, a global CTM, Pai et al.64 showed
that a simple, empirical scheme to model SOA seems to do as
well or better than a more complex, mechanistic scheme in
reproducing observations of primary, secondary, and total OA.
Chamber artifacts may not be entirely responsible for the
observed di!erences in model performance between the simple
and complex SOA schemes in GEOS-Chem but are likely to be
a contributing factor.
In this work, we present a systematic method for developing

artifact-corrected SOA parameters from chamber studies and
demonstrate the impacts of updating the parameters in GEOS-
Chem. First, we used the Statistical Oxidation Model (SOM)
with a TwO-Moment Aerosol Sectional (TOMAS) model and
data from chamber experiments to develop artifact-corrected
parameters for important SOA precursors (i.e., terpenes,

aromatics, and intermediate volatility organic compounds
(IVOCs)) (Section 2). Second, we used a pseudo-atmospheric
simulation and the artifact-corrected SOA parameters to
develop volatility basis set (VBS) parameters at atmospheri-
cally relevant OA mass concentrations (Section 3). Third, we
implemented the updated VBS parameters in GEOS-Chem to
evaluate how artifact corrections impact global OA and model-
measurement agreement (Section 4). Sections 2, 3, and 4
include both a description of the methods as well as the results
and discussion for each of the models, while Section 5
describes the implications of our results for future atmospheric
SOA modeling. Our study highlights that VWL impacts SOA
formation in environmental chambers to a much greater extent
than PWL and that V2PWL can likely be ignored.

2. ARTIFACT-CORRECTED SOA PARAMETERS
DEVELOPED WITH SOM-TOMAS
2.1. SOM-TOMAS Configuration. We used SOM-

TOMAS to model previously published chamber experi-
ments.24−27 SOM-TOMAS has been described in detail in
previous work.19,28,29 Briefly, SOM uses a statistical approach
to represent the multigenerational oxidation chemistry of
VOCs and their oxidation products and calculates the
thermodynamic properties needed to inform gas−particle
partitioning.30,31 SOM tracks the SOA chemistry using a
two-dimensional grid for carbon and oxygen number. The
carbon numbers on the grid are limited to the carbon number
of the VOC and the oxygen numbers are limited to 7. The
properties of each model species (e.g., reactivity (kOH) and
volatility (c*)) are parameterized based on the compound’s
carbon and oxygen numbers. SOM includes six adjustable
variables: the molar yields of four functionalized products that
sum to one (pf,1−pf,4), the decrease in the volatility of the
model species per additional oxygen atom (ΔLVP), and the
probability of fragmentation (mfrag) parameterized as a
function of the model species’ O:C. TOMAS, meanwhile,
tracks the number and mass moments of the aerosol size
distribution using a sectional approach. TOMAS simulates
nucleation, coagulation, condensation, and evaporation.32,33 In
this work, the particle-phase species from SOM were tracked in
36 TOMAS size sections between 3 and 1000 nm.
In SOM-TOMAS, PWL is simulated using a size-dependent

kernel based on measurements of the loss of ammonium
sulfate seed particles to the chamber wall.27 The same size-
dependent kernel was used to model PWL for all chamber
experiments (details described later) since the shapes of the
kernels from the di!erent chamber studies were found to be
very similar to each other (Figure S1).27,34 All of the chamber
experiments used in this work were performed in the same set
of chambers at the California Institute of Technology
(Caltech) over a five-year period.
Historically, V2PWL has been accounted for empirically by

assuming that the condensable SOA vapors inside the chamber
partition to the SOA deposited on the walls, following the
same physics as the vapors that are condensing to the
suspended SOA. This approach assumes that there is no
chamber mixing limitation for the mass transfer of SOA vapors
to partition to the wall-deposited SOA. However, theoretically,
the physics controlling the condensation of vapors onto
suspended particles and wall-bound particles di!ers. The
condensation kinetics onto suspended particles is controlled by
the condensational sink o!ered by the particles. In contrast,
the kinetics of vapors condensing onto wall-deposited particles

Figure 1. Schematic demonstrating experimental processes that
impact particles and vapors in chamber experiments (vapor shading
indicates that c* varies).
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condensation to wall-deposited particles are subject to
chamber mixing limitations that are similar to the limitations
that impact direct uptake of vapors to chamber walls.
VWL is an important loss process for vapors across a wide

range of volatilities (c* of 1 to 106 μg m−3).12−17 These losses,
which likely scale with the surface-area-to-volume ratio of the
chamber and the presence of active mixing, tend to depress
SOA formation.18 Measured timescales of VWL rates vary
from more than 5 min (5−10 m3 chamber)15,19,20 to up to 1 h
(∼30 m3 chamber).14 Using process-based models, several
studies have simulated VWL to develop VWL-corrected SOA
parameters.14,16,19,20 When used in 3D models, Cappa et al.21
and Akherati et al.22 showed that VWL-corrected parameters
increased SOA mass concentrations by factors of ∼2−10 and
brought model predictions closer to ambient measurements in
Southern California. Similarly, Hodzic et al.23 demonstrated
that accounting for VWL increased global OA estimates by up
to ∼10 μg m−3 in heavily forested regions.
Correctly accounting for chamber artifacts is crucial to

modeling the evolution and impacts of SOA in the atmosphere.
While the representation of SOA in CTMs has gotten
sophisticated over time with modest improvements in model
performance, simulating the abundance, spatial distribution,
and lifetime of SOA continues to be a challenge for most
regional (Appel et al.67) and global CTMs (Pai et al.64). For
instance, in GEOS-Chem, a global CTM, Pai et al.64 showed
that a simple, empirical scheme to model SOA seems to do as
well or better than a more complex, mechanistic scheme in
reproducing observations of primary, secondary, and total OA.
Chamber artifacts may not be entirely responsible for the
observed di!erences in model performance between the simple
and complex SOA schemes in GEOS-Chem but are likely to be
a contributing factor.
In this work, we present a systematic method for developing

artifact-corrected SOA parameters from chamber studies and
demonstrate the impacts of updating the parameters in GEOS-
Chem. First, we used the Statistical Oxidation Model (SOM)
with a TwO-Moment Aerosol Sectional (TOMAS) model and
data from chamber experiments to develop artifact-corrected
parameters for important SOA precursors (i.e., terpenes,

aromatics, and intermediate volatility organic compounds
(IVOCs)) (Section 2). Second, we used a pseudo-atmospheric
simulation and the artifact-corrected SOA parameters to
develop volatility basis set (VBS) parameters at atmospheri-
cally relevant OA mass concentrations (Section 3). Third, we
implemented the updated VBS parameters in GEOS-Chem to
evaluate how artifact corrections impact global OA and model-
measurement agreement (Section 4). Sections 2, 3, and 4
include both a description of the methods as well as the results
and discussion for each of the models, while Section 5
describes the implications of our results for future atmospheric
SOA modeling. Our study highlights that VWL impacts SOA
formation in environmental chambers to a much greater extent
than PWL and that V2PWL can likely be ignored.

2. ARTIFACT-CORRECTED SOA PARAMETERS
DEVELOPED WITH SOM-TOMAS
2.1. SOM-TOMAS Configuration. We used SOM-

TOMAS to model previously published chamber experi-
ments.24−27 SOM-TOMAS has been described in detail in
previous work.19,28,29 Briefly, SOM uses a statistical approach
to represent the multigenerational oxidation chemistry of
VOCs and their oxidation products and calculates the
thermodynamic properties needed to inform gas−particle
partitioning.30,31 SOM tracks the SOA chemistry using a
two-dimensional grid for carbon and oxygen number. The
carbon numbers on the grid are limited to the carbon number
of the VOC and the oxygen numbers are limited to 7. The
properties of each model species (e.g., reactivity (kOH) and
volatility (c*)) are parameterized based on the compound’s
carbon and oxygen numbers. SOM includes six adjustable
variables: the molar yields of four functionalized products that
sum to one (pf,1−pf,4), the decrease in the volatility of the
model species per additional oxygen atom (ΔLVP), and the
probability of fragmentation (mfrag) parameterized as a
function of the model species’ O:C. TOMAS, meanwhile,
tracks the number and mass moments of the aerosol size
distribution using a sectional approach. TOMAS simulates
nucleation, coagulation, condensation, and evaporation.32,33 In
this work, the particle-phase species from SOM were tracked in
36 TOMAS size sections between 3 and 1000 nm.
In SOM-TOMAS, PWL is simulated using a size-dependent

kernel based on measurements of the loss of ammonium
sulfate seed particles to the chamber wall.27 The same size-
dependent kernel was used to model PWL for all chamber
experiments (details described later) since the shapes of the
kernels from the di!erent chamber studies were found to be
very similar to each other (Figure S1).27,34 All of the chamber
experiments used in this work were performed in the same set
of chambers at the California Institute of Technology
(Caltech) over a five-year period.
Historically, V2PWL has been accounted for empirically by

assuming that the condensable SOA vapors inside the chamber
partition to the SOA deposited on the walls, following the
same physics as the vapors that are condensing to the
suspended SOA. This approach assumes that there is no
chamber mixing limitation for the mass transfer of SOA vapors
to partition to the wall-deposited SOA. However, theoretically,
the physics controlling the condensation of vapors onto
suspended particles and wall-bound particles di!ers. The
condensation kinetics onto suspended particles is controlled by
the condensational sink o!ered by the particles. In contrast,
the kinetics of vapors condensing onto wall-deposited particles

Figure 1. Schematic demonstrating experimental processes that
impact particles and vapors in chamber experiments (vapor shading
indicates that c* varies).
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FIGURE 1. Comparison of data for aerosol wall 
deposition rates in smog chambers with theoreti- 
cal predictions. Note that measured wall deposi- 
tion rates exceed expected values for particles in 
the 0.1 to 1.0 pm diameter range if electrostatic 
effects are not considered. 

acquire electrostatic charge, which may lead 
to a local electric field near the surface. Such 
fields will influence the deposition of charged 
particles. 

Cooper et al. (1979) measured wall de- 
position rates of neutral and charged par- 
ticles in 130-liter aluminized mylar bags. 
They found that singly charged particles were 
removed much more quickly than neutral 
particles, and that deposition rates of charged 
particles were substantially reduced by treat- 
ing the outside of the bag with an antistatic 
agent. Also, deposition rates of charged par- 
ticles were quite variable from experiment to 
experiment. Saucy et al. (1983) also found 
that charged particles were lost faster in a 
large Teflon smog chamber than were neu- 

tralized aerosols. These observations support 
the hypothesis that electrostatic forces can 
play an important role in wall deposition in 
vessels. 

In the present study, the theory of Crump 
and Seinfeld (1981) is extended to include 
electrostatic deposition. Theory is compared 
with data for loss rates of aerosols in 250-liter 
Teflon film bags in which experiments were 
done with particles of known size and charge. 
Agreement between theory and experiment is 
satisfactory provided that charging and neu- 
tralization of the aerosols by ions is taken 
into account. The theory is also used to 
calculate loss rates of particles in large (60 
m3) smog chambers, and theoretical predic- 
tions are compared with the data reported 
elsewhere (McMurry and Grosjean, 1985). 

The present paper focuses on develop- 
ment and experimental validation of the the- 
ory. In a future paper (McMurry and 
Grosjean, 1985), the effects of gas and aero- 
sol wall deposition on results of smog cham- 
ber studies will be discussed. 

McMurry and Rader, ES&T, 1985

First, to avoid partitioning of gaseous compounds to
particles, all experiments were performed with no detectable
condensation sink to particles present in the chamber
(corresponding to an infinite (or very long compared to the
experiments) condensation sink time scale. The condensation
time scale (τ, in units of s) can be calculated using the following
formulas:26

γ= ̅k c A1
4uptake (1)

τ =
k

1
cond

uptake (2)

where c ̅ is the mean speed of LVOC molecules in the gas-phase,
γ is the uptake coefficient, and A is the aerosol surface area. c ̅
was calculated for a representative molecular weight of 250
amu. Because any particles present would be <50 nm, the
Fuchs-Sutugin correction for the transition regime is small27

and can be neglected. Particle number concentrations and
surface area were continuously monitored using an ultrafine
condensation particle counter (UCPC, TSI 3776) with a
particle size cutoff of 2.5 nm and a counting efficiency of 100%
at 3 nm and 60% at 2.5 nm. Prior to each experiment the
chamber was thoroughly flushed for at least 24 h and irradiated
with full-strength UV lights for several hours. Initial particle
concentrations were 0 cm−3, corresponding to a condensation
sink of 0 s−1. The UCPC size cutoff of 2.5 nm means that there
could have been particles smaller than 2.5 nm in the chamber,
but the condensation sink would still be negligible.
Experiments were aborted if UCPC particle counts rose

above 200 cm−3 during an experiment. In select experiments
the particle mass concentration was also monitored using a TSI
3081 scanning mobility particle sizer (SMPS) with a TSI 3772
condensation particle counter, with a particle size cutoff of 10
nm and a counting efficiency of 100% at 30 nm and 60% at 12
nm. No measurable particle mass was observed when particle
number concentrations were less than 200 cm−3.
Second, initial total concentrations of added VOCs were low

enough and the irradiation time short enough to prevent VOC
precursors from partitioning into the aerosol phase and to limit
the amount of oxygenated low-volatility products formed in a
short photochemical reaction period. Only a very small fraction
(∼2−3%) of the VOCs was consumed in an experiment. This
very short “burst” of photochemical oxidation was deliberate:
longer irradiation by UV lights would have resulted in a less
precisely defined start time for the GWP process, and may have
also resulted in SOA formation, thus providing a competing
sink for vapors. Since only a very small fraction of the VOCs
reacted during one burst, the lights could be turned on for three
or four of these 10 s bursts (while allowing time between for
products formed in the previous burst to equilibrate with the
walls) before particle concentrations exceeded 200 cm−3 and
forced termination of the experiment, thus providing multiple
opportunities per experiment to monitor dynamic gas-wall
partitioning. No dependence of τGWE on the burst number
within a given experiment was observed (SI Figure S4).

■ RESULTS AND DISCUSSION
Determination of Gas-Wall Partitioning Time Scales.

The CIMS detected small quantities (estimated to be in the ppt
range) of first and second generation trifunctional and
tetrafunctional products formed from the OH radical-initiated
oxidation of the 1-alcohols under high-NO conditions. The

same products, consisting of dihydroxynitrates (DHN),
trihydroxynitrates (THN), and dihydroxycarbonylnitrates
(DHCN), were formed from each of the C6−C12 1-alcohol
precursors, consistent with previous studies of alkane and
alkene oxidation.28,29 The I-CIMS also detected first generation
hydroxynitrates that were not detected by the NO3−CIMS. All
detected products and some of their molecular properties are
listed in SI Table S2, and a mechanism for their formation is
shown in SI Figure S5.
As an example, the time profiles of the C6−C12 THN formed

during one experiment in which the UV lights were turned on
for 10 s are shown in Figure 1. The ion signals increased almost

immediately after the lights were turned on and then reached a
peak at 16 s. We attribute the slight delay in the peak time to
the residence time of the sample air in the inlet and ion source
(estimated to be 1 and 3 s, respectively), as well as a short
initial warm-up period for the UV lights (1−2 s), and believe
that the observed peak signals correspond to the maximum
concentrations of products in the chamber. In previous
studies7,8 in which VOCs were added to the chamber (rather
than being formed in situ) and concentrations were measured
over time using gas chromatography, the peak concentration
was not observable because the sampling line was allowed to
equilibrate for 20 min prior to sample collection. Instead, the
initial concentration was determined from the amount of VOC
injected.
After reaching their peak, the gas-phase concentrations of the

observed reaction products decreased monotonically. This
decay was not due to further reactions, since there were no OH
radicals in the chamber after the UV lights were turned off (the
lifetime of OH radicals estimated from the total 1-alcohol
concentration of ∼2ppmv and an OH radical rate constant30 of
1.4 × 10−11 cm3 molecule−1 s−1 was ∼1 ms), and the added NO
prevented formation of O3 and NO3 radicals. There were also
no particles in the chamber into which the gas-phase products
could partition and thus not be observable with the CIMS. The
only sink available was therefore gas-wall partitioning. The time
scale for reaching gas-wall partitioning equilibrium was

Figure 1. Time series for gas-phase C6−C12 trihydroxynitrates (THN)
as observed by the NO3−CIMS during one typical gas-wall
partitioning experiment. The UV lights were turned on for 10 s,
leading to a rapid increase in the concentrations of reaction products
for ∼16 s, and then a rapid decline for ∼20 min before gas-wall
equilibrium was reached after ∼45 min. The dotted black lines show
single exponential fits used to extract gas-wall partitioning time scales,
which are listed for each compound in the legend along with an
uncertainty (standard deviation). Data were acquired at 1 Hz, but the
traces shown here have been smoothed over 30 s using a binomial
algorithm to reduce random noise and improve visual clarity.
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condensation to wall-deposited particles are subject to
chamber mixing limitations that are similar to the limitations
that impact direct uptake of vapors to chamber walls.
VWL is an important loss process for vapors across a wide

range of volatilities (c* of 1 to 106 μg m−3).12−17 These losses,
which likely scale with the surface-area-to-volume ratio of the
chamber and the presence of active mixing, tend to depress
SOA formation.18 Measured timescales of VWL rates vary
from more than 5 min (5−10 m3 chamber)15,19,20 to up to 1 h
(∼30 m3 chamber).14 Using process-based models, several
studies have simulated VWL to develop VWL-corrected SOA
parameters.14,16,19,20 When used in 3D models, Cappa et al.21
and Akherati et al.22 showed that VWL-corrected parameters
increased SOA mass concentrations by factors of ∼2−10 and
brought model predictions closer to ambient measurements in
Southern California. Similarly, Hodzic et al.23 demonstrated
that accounting for VWL increased global OA estimates by up
to ∼10 μg m−3 in heavily forested regions.
Correctly accounting for chamber artifacts is crucial to

modeling the evolution and impacts of SOA in the atmosphere.
While the representation of SOA in CTMs has gotten
sophisticated over time with modest improvements in model
performance, simulating the abundance, spatial distribution,
and lifetime of SOA continues to be a challenge for most
regional (Appel et al.67) and global CTMs (Pai et al.64). For
instance, in GEOS-Chem, a global CTM, Pai et al.64 showed
that a simple, empirical scheme to model SOA seems to do as
well or better than a more complex, mechanistic scheme in
reproducing observations of primary, secondary, and total OA.
Chamber artifacts may not be entirely responsible for the
observed di!erences in model performance between the simple
and complex SOA schemes in GEOS-Chem but are likely to be
a contributing factor.
In this work, we present a systematic method for developing

artifact-corrected SOA parameters from chamber studies and
demonstrate the impacts of updating the parameters in GEOS-
Chem. First, we used the Statistical Oxidation Model (SOM)
with a TwO-Moment Aerosol Sectional (TOMAS) model and
data from chamber experiments to develop artifact-corrected
parameters for important SOA precursors (i.e., terpenes,

aromatics, and intermediate volatility organic compounds
(IVOCs)) (Section 2). Second, we used a pseudo-atmospheric
simulation and the artifact-corrected SOA parameters to
develop volatility basis set (VBS) parameters at atmospheri-
cally relevant OA mass concentrations (Section 3). Third, we
implemented the updated VBS parameters in GEOS-Chem to
evaluate how artifact corrections impact global OA and model-
measurement agreement (Section 4). Sections 2, 3, and 4
include both a description of the methods as well as the results
and discussion for each of the models, while Section 5
describes the implications of our results for future atmospheric
SOA modeling. Our study highlights that VWL impacts SOA
formation in environmental chambers to a much greater extent
than PWL and that V2PWL can likely be ignored.

2. ARTIFACT-CORRECTED SOA PARAMETERS
DEVELOPED WITH SOM-TOMAS
2.1. SOM-TOMAS Configuration. We used SOM-

TOMAS to model previously published chamber experi-
ments.24−27 SOM-TOMAS has been described in detail in
previous work.19,28,29 Briefly, SOM uses a statistical approach
to represent the multigenerational oxidation chemistry of
VOCs and their oxidation products and calculates the
thermodynamic properties needed to inform gas−particle
partitioning.30,31 SOM tracks the SOA chemistry using a
two-dimensional grid for carbon and oxygen number. The
carbon numbers on the grid are limited to the carbon number
of the VOC and the oxygen numbers are limited to 7. The
properties of each model species (e.g., reactivity (kOH) and
volatility (c*)) are parameterized based on the compound’s
carbon and oxygen numbers. SOM includes six adjustable
variables: the molar yields of four functionalized products that
sum to one (pf,1−pf,4), the decrease in the volatility of the
model species per additional oxygen atom (ΔLVP), and the
probability of fragmentation (mfrag) parameterized as a
function of the model species’ O:C. TOMAS, meanwhile,
tracks the number and mass moments of the aerosol size
distribution using a sectional approach. TOMAS simulates
nucleation, coagulation, condensation, and evaporation.32,33 In
this work, the particle-phase species from SOM were tracked in
36 TOMAS size sections between 3 and 1000 nm.
In SOM-TOMAS, PWL is simulated using a size-dependent

kernel based on measurements of the loss of ammonium
sulfate seed particles to the chamber wall.27 The same size-
dependent kernel was used to model PWL for all chamber
experiments (details described later) since the shapes of the
kernels from the di!erent chamber studies were found to be
very similar to each other (Figure S1).27,34 All of the chamber
experiments used in this work were performed in the same set
of chambers at the California Institute of Technology
(Caltech) over a five-year period.
Historically, V2PWL has been accounted for empirically by

assuming that the condensable SOA vapors inside the chamber
partition to the SOA deposited on the walls, following the
same physics as the vapors that are condensing to the
suspended SOA. This approach assumes that there is no
chamber mixing limitation for the mass transfer of SOA vapors
to partition to the wall-deposited SOA. However, theoretically,
the physics controlling the condensation of vapors onto
suspended particles and wall-bound particles di!ers. The
condensation kinetics onto suspended particles is controlled by
the condensational sink o!ered by the particles. In contrast,
the kinetics of vapors condensing onto wall-deposited particles

Figure 1. Schematic demonstrating experimental processes that
impact particles and vapors in chamber experiments (vapor shading
indicates that c* varies).
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FIGURE 1. Comparison of data for aerosol wall 
deposition rates in smog chambers with theoreti- 
cal predictions. Note that measured wall deposi- 
tion rates exceed expected values for particles in 
the 0.1 to 1.0 pm diameter range if electrostatic 
effects are not considered. 

acquire electrostatic charge, which may lead 
to a local electric field near the surface. Such 
fields will influence the deposition of charged 
particles. 

Cooper et al. (1979) measured wall de- 
position rates of neutral and charged par- 
ticles in 130-liter aluminized mylar bags. 
They found that singly charged particles were 
removed much more quickly than neutral 
particles, and that deposition rates of charged 
particles were substantially reduced by treat- 
ing the outside of the bag with an antistatic 
agent. Also, deposition rates of charged par- 
ticles were quite variable from experiment to 
experiment. Saucy et al. (1983) also found 
that charged particles were lost faster in a 
large Teflon smog chamber than were neu- 

tralized aerosols. These observations support 
the hypothesis that electrostatic forces can 
play an important role in wall deposition in 
vessels. 

In the present study, the theory of Crump 
and Seinfeld (1981) is extended to include 
electrostatic deposition. Theory is compared 
with data for loss rates of aerosols in 250-liter 
Teflon film bags in which experiments were 
done with particles of known size and charge. 
Agreement between theory and experiment is 
satisfactory provided that charging and neu- 
tralization of the aerosols by ions is taken 
into account. The theory is also used to 
calculate loss rates of particles in large (60 
m3) smog chambers, and theoretical predic- 
tions are compared with the data reported 
elsewhere (McMurry and Grosjean, 1985). 

The present paper focuses on develop- 
ment and experimental validation of the the- 
ory. In a future paper (McMurry and 
Grosjean, 1985), the effects of gas and aero- 
sol wall deposition on results of smog cham- 
ber studies will be discussed. 

McMurry and Rader, ES&T, 1985
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condensation to wall-deposited particles are subject to
chamber mixing limitations that are similar to the limitations
that impact direct uptake of vapors to chamber walls.
VWL is an important loss process for vapors across a wide

range of volatilities (c* of 1 to 106 μg m−3).12−17 These losses,
which likely scale with the surface-area-to-volume ratio of the
chamber and the presence of active mixing, tend to depress
SOA formation.18 Measured timescales of VWL rates vary
from more than 5 min (5−10 m3 chamber)15,19,20 to up to 1 h
(∼30 m3 chamber).14 Using process-based models, several
studies have simulated VWL to develop VWL-corrected SOA
parameters.14,16,19,20 When used in 3D models, Cappa et al.21
and Akherati et al.22 showed that VWL-corrected parameters
increased SOA mass concentrations by factors of ∼2−10 and
brought model predictions closer to ambient measurements in
Southern California. Similarly, Hodzic et al.23 demonstrated
that accounting for VWL increased global OA estimates by up
to ∼10 μg m−3 in heavily forested regions.
Correctly accounting for chamber artifacts is crucial to

modeling the evolution and impacts of SOA in the atmosphere.
While the representation of SOA in CTMs has gotten
sophisticated over time with modest improvements in model
performance, simulating the abundance, spatial distribution,
and lifetime of SOA continues to be a challenge for most
regional (Appel et al.67) and global CTMs (Pai et al.64). For
instance, in GEOS-Chem, a global CTM, Pai et al.64 showed
that a simple, empirical scheme to model SOA seems to do as
well or better than a more complex, mechanistic scheme in
reproducing observations of primary, secondary, and total OA.
Chamber artifacts may not be entirely responsible for the
observed di!erences in model performance between the simple
and complex SOA schemes in GEOS-Chem but are likely to be
a contributing factor.
In this work, we present a systematic method for developing

artifact-corrected SOA parameters from chamber studies and
demonstrate the impacts of updating the parameters in GEOS-
Chem. First, we used the Statistical Oxidation Model (SOM)
with a TwO-Moment Aerosol Sectional (TOMAS) model and
data from chamber experiments to develop artifact-corrected
parameters for important SOA precursors (i.e., terpenes,

aromatics, and intermediate volatility organic compounds
(IVOCs)) (Section 2). Second, we used a pseudo-atmospheric
simulation and the artifact-corrected SOA parameters to
develop volatility basis set (VBS) parameters at atmospheri-
cally relevant OA mass concentrations (Section 3). Third, we
implemented the updated VBS parameters in GEOS-Chem to
evaluate how artifact corrections impact global OA and model-
measurement agreement (Section 4). Sections 2, 3, and 4
include both a description of the methods as well as the results
and discussion for each of the models, while Section 5
describes the implications of our results for future atmospheric
SOA modeling. Our study highlights that VWL impacts SOA
formation in environmental chambers to a much greater extent
than PWL and that V2PWL can likely be ignored.

2. ARTIFACT-CORRECTED SOA PARAMETERS
DEVELOPED WITH SOM-TOMAS
2.1. SOM-TOMAS Configuration. We used SOM-

TOMAS to model previously published chamber experi-
ments.24−27 SOM-TOMAS has been described in detail in
previous work.19,28,29 Briefly, SOM uses a statistical approach
to represent the multigenerational oxidation chemistry of
VOCs and their oxidation products and calculates the
thermodynamic properties needed to inform gas−particle
partitioning.30,31 SOM tracks the SOA chemistry using a
two-dimensional grid for carbon and oxygen number. The
carbon numbers on the grid are limited to the carbon number
of the VOC and the oxygen numbers are limited to 7. The
properties of each model species (e.g., reactivity (kOH) and
volatility (c*)) are parameterized based on the compound’s
carbon and oxygen numbers. SOM includes six adjustable
variables: the molar yields of four functionalized products that
sum to one (pf,1−pf,4), the decrease in the volatility of the
model species per additional oxygen atom (ΔLVP), and the
probability of fragmentation (mfrag) parameterized as a
function of the model species’ O:C. TOMAS, meanwhile,
tracks the number and mass moments of the aerosol size
distribution using a sectional approach. TOMAS simulates
nucleation, coagulation, condensation, and evaporation.32,33 In
this work, the particle-phase species from SOM were tracked in
36 TOMAS size sections between 3 and 1000 nm.
In SOM-TOMAS, PWL is simulated using a size-dependent

kernel based on measurements of the loss of ammonium
sulfate seed particles to the chamber wall.27 The same size-
dependent kernel was used to model PWL for all chamber
experiments (details described later) since the shapes of the
kernels from the di!erent chamber studies were found to be
very similar to each other (Figure S1).27,34 All of the chamber
experiments used in this work were performed in the same set
of chambers at the California Institute of Technology
(Caltech) over a five-year period.
Historically, V2PWL has been accounted for empirically by

assuming that the condensable SOA vapors inside the chamber
partition to the SOA deposited on the walls, following the
same physics as the vapors that are condensing to the
suspended SOA. This approach assumes that there is no
chamber mixing limitation for the mass transfer of SOA vapors
to partition to the wall-deposited SOA. However, theoretically,
the physics controlling the condensation of vapors onto
suspended particles and wall-bound particles di!ers. The
condensation kinetics onto suspended particles is controlled by
the condensational sink o!ered by the particles. In contrast,
the kinetics of vapors condensing onto wall-deposited particles

Figure 1. Schematic demonstrating experimental processes that
impact particles and vapors in chamber experiments (vapor shading
indicates that c* varies).
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FIGURE 1. Comparison of data for aerosol wall 
deposition rates in smog chambers with theoreti- 
cal predictions. Note that measured wall deposi- 
tion rates exceed expected values for particles in 
the 0.1 to 1.0 pm diameter range if electrostatic 
effects are not considered. 

acquire electrostatic charge, which may lead 
to a local electric field near the surface. Such 
fields will influence the deposition of charged 
particles. 

Cooper et al. (1979) measured wall de- 
position rates of neutral and charged par- 
ticles in 130-liter aluminized mylar bags. 
They found that singly charged particles were 
removed much more quickly than neutral 
particles, and that deposition rates of charged 
particles were substantially reduced by treat- 
ing the outside of the bag with an antistatic 
agent. Also, deposition rates of charged par- 
ticles were quite variable from experiment to 
experiment. Saucy et al. (1983) also found 
that charged particles were lost faster in a 
large Teflon smog chamber than were neu- 

tralized aerosols. These observations support 
the hypothesis that electrostatic forces can 
play an important role in wall deposition in 
vessels. 

In the present study, the theory of Crump 
and Seinfeld (1981) is extended to include 
electrostatic deposition. Theory is compared 
with data for loss rates of aerosols in 250-liter 
Teflon film bags in which experiments were 
done with particles of known size and charge. 
Agreement between theory and experiment is 
satisfactory provided that charging and neu- 
tralization of the aerosols by ions is taken 
into account. The theory is also used to 
calculate loss rates of particles in large (60 
m3) smog chambers, and theoretical predic- 
tions are compared with the data reported 
elsewhere (McMurry and Grosjean, 1985). 

The present paper focuses on develop- 
ment and experimental validation of the the- 
ory. In a future paper (McMurry and 
Grosjean, 1985), the effects of gas and aero- 
sol wall deposition on results of smog cham- 
ber studies will be discussed. 

McMurry and Rader, ES&T, 1985

First, to avoid partitioning of gaseous compounds to
particles, all experiments were performed with no detectable
condensation sink to particles present in the chamber
(corresponding to an infinite (or very long compared to the
experiments) condensation sink time scale. The condensation
time scale (τ, in units of s) can be calculated using the following
formulas:26

γ= ̅k c A1
4uptake (1)

τ =
k

1
cond

uptake (2)

where c ̅ is the mean speed of LVOC molecules in the gas-phase,
γ is the uptake coefficient, and A is the aerosol surface area. c ̅
was calculated for a representative molecular weight of 250
amu. Because any particles present would be <50 nm, the
Fuchs-Sutugin correction for the transition regime is small27

and can be neglected. Particle number concentrations and
surface area were continuously monitored using an ultrafine
condensation particle counter (UCPC, TSI 3776) with a
particle size cutoff of 2.5 nm and a counting efficiency of 100%
at 3 nm and 60% at 2.5 nm. Prior to each experiment the
chamber was thoroughly flushed for at least 24 h and irradiated
with full-strength UV lights for several hours. Initial particle
concentrations were 0 cm−3, corresponding to a condensation
sink of 0 s−1. The UCPC size cutoff of 2.5 nm means that there
could have been particles smaller than 2.5 nm in the chamber,
but the condensation sink would still be negligible.
Experiments were aborted if UCPC particle counts rose

above 200 cm−3 during an experiment. In select experiments
the particle mass concentration was also monitored using a TSI
3081 scanning mobility particle sizer (SMPS) with a TSI 3772
condensation particle counter, with a particle size cutoff of 10
nm and a counting efficiency of 100% at 30 nm and 60% at 12
nm. No measurable particle mass was observed when particle
number concentrations were less than 200 cm−3.
Second, initial total concentrations of added VOCs were low

enough and the irradiation time short enough to prevent VOC
precursors from partitioning into the aerosol phase and to limit
the amount of oxygenated low-volatility products formed in a
short photochemical reaction period. Only a very small fraction
(∼2−3%) of the VOCs was consumed in an experiment. This
very short “burst” of photochemical oxidation was deliberate:
longer irradiation by UV lights would have resulted in a less
precisely defined start time for the GWP process, and may have
also resulted in SOA formation, thus providing a competing
sink for vapors. Since only a very small fraction of the VOCs
reacted during one burst, the lights could be turned on for three
or four of these 10 s bursts (while allowing time between for
products formed in the previous burst to equilibrate with the
walls) before particle concentrations exceeded 200 cm−3 and
forced termination of the experiment, thus providing multiple
opportunities per experiment to monitor dynamic gas-wall
partitioning. No dependence of τGWE on the burst number
within a given experiment was observed (SI Figure S4).

■ RESULTS AND DISCUSSION
Determination of Gas-Wall Partitioning Time Scales.

The CIMS detected small quantities (estimated to be in the ppt
range) of first and second generation trifunctional and
tetrafunctional products formed from the OH radical-initiated
oxidation of the 1-alcohols under high-NO conditions. The

same products, consisting of dihydroxynitrates (DHN),
trihydroxynitrates (THN), and dihydroxycarbonylnitrates
(DHCN), were formed from each of the C6−C12 1-alcohol
precursors, consistent with previous studies of alkane and
alkene oxidation.28,29 The I-CIMS also detected first generation
hydroxynitrates that were not detected by the NO3−CIMS. All
detected products and some of their molecular properties are
listed in SI Table S2, and a mechanism for their formation is
shown in SI Figure S5.
As an example, the time profiles of the C6−C12 THN formed

during one experiment in which the UV lights were turned on
for 10 s are shown in Figure 1. The ion signals increased almost

immediately after the lights were turned on and then reached a
peak at 16 s. We attribute the slight delay in the peak time to
the residence time of the sample air in the inlet and ion source
(estimated to be 1 and 3 s, respectively), as well as a short
initial warm-up period for the UV lights (1−2 s), and believe
that the observed peak signals correspond to the maximum
concentrations of products in the chamber. In previous
studies7,8 in which VOCs were added to the chamber (rather
than being formed in situ) and concentrations were measured
over time using gas chromatography, the peak concentration
was not observable because the sampling line was allowed to
equilibrate for 20 min prior to sample collection. Instead, the
initial concentration was determined from the amount of VOC
injected.
After reaching their peak, the gas-phase concentrations of the

observed reaction products decreased monotonically. This
decay was not due to further reactions, since there were no OH
radicals in the chamber after the UV lights were turned off (the
lifetime of OH radicals estimated from the total 1-alcohol
concentration of ∼2ppmv and an OH radical rate constant30 of
1.4 × 10−11 cm3 molecule−1 s−1 was ∼1 ms), and the added NO
prevented formation of O3 and NO3 radicals. There were also
no particles in the chamber into which the gas-phase products
could partition and thus not be observable with the CIMS. The
only sink available was therefore gas-wall partitioning. The time
scale for reaching gas-wall partitioning equilibrium was

Figure 1. Time series for gas-phase C6−C12 trihydroxynitrates (THN)
as observed by the NO3−CIMS during one typical gas-wall
partitioning experiment. The UV lights were turned on for 10 s,
leading to a rapid increase in the concentrations of reaction products
for ∼16 s, and then a rapid decline for ∼20 min before gas-wall
equilibrium was reached after ∼45 min. The dotted black lines show
single exponential fits used to extract gas-wall partitioning time scales,
which are listed for each compound in the legend along with an
uncertainty (standard deviation). Data were acquired at 1 Hz, but the
traces shown here have been smoothed over 30 s using a binomial
algorithm to reduce random noise and improve visual clarity.
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•Condensable vapors are lost to suspended particles and to the walls but NOT to 
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mixing limitations for V2PWL. We added these two extra
configurations to demonstrate the errors incurred by
incorrectly assuming that there is no chamber mixing
limitation for vapors to condense onto wall-deposited particles.
Similar to our earlier work,19,36 the fitting procedure

included using di!erent initial guesses for the parameters
before arriving at a final set of SOM-TOMAS parameters that
has a high likelihood of being unique. Typically, SOA
measurements in chambers report a minimum uncertainty of
30% and hence model predictions based on these SOM-
TOMAS parameters have a minimum uncertainty of 30%.
Oligomerization reactions were not accounted for in our

SOM-TOMAS simulations because we found them to have
little influence on SOA mass yields. We arrived at this
conclusion by performing fits and pseudo-atmospheric
simulations for α-pinene. We developed two sets of parameters
with oligomerization turned on and o! in SOM-TOMAS by
fitting model output to data from α-pinene photooxidation
experiments. We chose α-pinene because we had previously
studied oligomerization reactions in the α-pinene photo-
oxidation system where we developed constraints for the
formation and dissociation rates for oligomers.29 While there
were slight di!erences in the SOM-TOMAS parameters with
oligomerization turned on and o!, the SOA mass yields
predicted in the atmospheric simulations were nearly identical
(Figure S2). We should note that model-predicted oligomers
accounted for 15−20% of the total SOA in both the chamber
and atmospheric simulations. Regardless, we do note that
oligomers can play an important role in a!ecting the
composition and properties (e.g., volatility) of SOA (e.g.,
Maben and Ziemann37) and, hence, do need to be explicitly
treated in CTMs.
2.2. SOM-TOMAS Results and Discussion. SOM-

TOMAS results for the five configurations are shown in
Figure 2 for α-pinene; results for the other compounds are
shown in Figures S3−S8. SOM parameters are in Table S2. At
the end of the α-pinene chamber experiments, we found that
correcting for PWL increased estimated SOA mass concen-

trations by 23% for high NOx and 35% for low NOx, while
PWL + V2PWL was negligibly di!erent from PWL (<1% for
both high and low NOx). Adding VWL had the largest impact,
increasing SOA mass yields by 162% for high NOx and 175%
for low NOx, relative to PWL + V2PWL (or PWL). Generally,
we saw similar trends across all SOA precursors (Table S3).
PWL increased SOA mass concentrations by 8−39% for high
NOx and 10−37% for low NOx, V2PWL had a small impact
relative to PWL, and VWL increased SOA mass concentrations
by 36−680% for high NOx and 55−250% for low NOx relative
to PWL + V2PWL (or PWL).
Correcting for V2PWLwhen accounting for chamber

mixing limitationshad only a marginal impact on SOA mass
concentrations because the vapors condensing on the
suspended particles and those lost to the walls (i.e., VWL)
were much faster processes. The V2PWL process is inherently
much slower than the VWL process because the particles on
the wall present a much smaller condensational sink compared
to the walls, noting that both processes are subject to chamber
mixing limitations for mass transfer. For example, in this α-
pinene experiment, the total surface area o!ered by the wall
(55 m2) was 5500 times as large as the area o!ered by the
particles on the wall (0.01 m2) by the end of the experiment.
McMurry and Grosjean38 have argued that the loss rate of
vapors to the particles on the wall or directly to the wall is only
proportional to the surface area o!ered by these two
substrates, as long as the mass accommodation coe"cient for
the vapors (to the wall or the particles on the wall) is larger
than 10−6. Overall, by the end of this experiment, the
timescales for vapor loss to the suspended particles, particles
on the wall, and wall were 37 s (inverse of the condensation
sink), 7 × 106 s (inverse of kvap,j,on), and 2500 s (inverse of
kvap,wall,on), respectively. These timescales highlight the weak
influence particles on the wall exert on uptake of SOA vapors.
Since the SOA parameters were nearly identical in our PWL
and PWL + V2PWL configuration, moving forward we will
only show the results from the PWL and PWL + V2PWL +
VWL scenarios.

Figure 2. SOM-TOMAS estimates of secondary organic aerosol (SOA) mass concentration of α-pinene chamber experiments under high NOx
(Panel a) and low NOx (Panel b) conditions. SOA measurements are shown in the gray dots.24 The black line shows the SOM-TOMAS model fit
for the suspended SOA mass concentration (susp), which include the processes that give rise to the artifacts. The colored lines show the three
artifact-corrected SOA estimates (PWL: orange, PWL + V2PWL: blue (dashed), and PWL + V2PWL + VWL: purple) that result when the
processes are turned o!. These three artifact corrections are based on our “realistic” V2PWL formulation, which accounts for the mass transfer
limitation. The PWL + V2PWL (unrealistic) (yellow) and PWL + V2PWL (unrealistic) + VWL (green) are based on our “unrealistic” formulation,
which does not account for the mass transfer limitation.
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There are two reasons why we assumed point contact for the
particles lost to the wall. First, SOA formed under dry chamber
conditions (RH < 20%), as is the case here and in many other
chamber experiments, has been shown to be semisolid/viscous,
with plenty of evidence for α-pinene SOA (di!usion coe"cient
∼10−19 m2 s−1).29,39−41 If this is the case, we would expect the
SOA-coated ammonium sulfate particle to retain its shape after
colliding and adhering to the chamber wall, specifically over
the duration of the chamber experiment (<12 h). Second,
“flattening” the particle to distribute the wall-deposited SOA
over the chamber wall would tend to increase the surface area
available for uptake of condensable vapors by only a small
amount, not enough to impact the VWL process. In sensitivity
simulations performed for the α-pinene case (Figure S9), we
found that the SOA surface area had to be increased by three
orders of magnitude to witness even a 2% increase in the
V2PWL-corrected SOA mass concentrations. To note, if all of
the SOA at the end of this experiment were spread out over the
chamber wall as a layer 1 nm thick, it would result in less than
a two order of magnitude increase in surface area.
Importantly, we found that across all precursors if V2PWL is

modeled without considering the chamber mixing limitations
to mass transfer, PWL + V2PWL (unrealistic) erroneously
increases the SOA mass yields by 2.8−8.7% for high NOx and
4−46% for low NOx, relative to PWL. Furthermore, we found
that, depending on the SOA precursor, PWL + V2PWL
(unrealistic) + VWL led to a −6.6 to +3.3% error in the final
SOA mass yields for high NOx and a +1.2 to +14.4% error for
low NOx (Figures 2 and S3−S8).

3. VBSSOM PARAMETERS DEVELOPED USING
PSEUDO-ATMOSPHERIC SIMULATIONS
3.1. VBSSOM Configuration. The SOM-TOMAS model is

too computationally intensive to be included in a CTM such as
GEOS-Chem. Therefore, we ran pseudo-atmospheric simu-
lations using the artifact-corrected SOA parameters described
in Section 2 and used the SOM-TOMAS model output to
develop VBS parameters, which are computationally e"cient
to be implemented in CTMs.42 In our pseudo-atmospheric
simulations, a trace amount of SOA precursor (∼1 pptv) was
oxidized to form SOA at a fixed OH concentration (1.5 × 106
molecules cm−3) for 7 days (1 week) at 1 atm and 298 K.
SOM-TOMAS was run at OA mass concentrations of 0.1, 1,
and 10 μg m−3 to capture several atmospherically relevant OA
mass concentrations.43 Our approach builds on Hodzic et al.23
However, we expanded on this approach by determining our
VBS parameters by simultaneously fitting across a range of OA
mass concentrations (0.1, 1, and 10 μg m−3) and constraining
those parameters to the average SOM-TOMAS-predicted SOA
mass yield between 24 h (1 day) and 168 h (7 days) of
photochemical aging. In comparison, Hodzic et al.23 only fit
the VBS parameters at one OA mass concentration (10 μg
m−3) and constrained the parameters to the SOM-predicted
SOA mass yield at 72 h (3 days) of photochemical aging.
The results of the pseudo-atmospheric simulations are

shown in solid lines in Figure 3 (3a: high NOx; 3d: low NOx),
for α-pinene under high-NOx and low-NOx and for the PWL
and PWL + V2PWL + VWL artifact-corrected configurations
described in Section 2. Results for all other precursors are in
Figures S10−S15. Generally, we found that large changes in
the SOM-TOMAS modeled SOA mass yields happened within

Figure 3. (a) Evolution of α-pinene secondary organic aerosol (SOA) mass yields as a function of atmospheric photochemical age at three di!erent
organic aerosol (OA) mass concentrations under high NOx conditions. Solid lines are the “atmospheric” simulation results from SOM-TOMAS,
while the dashed lines are the VBSSOM model predictions. (b): VBSSOM fit parameters resulting from Panel (a). Parameters were fit for C* = 0.1, 1,
10, and 100 μg m−3. (c) SOA mass yields across a range of OA mass concentrations based on the parameters in Panel (b) and the parameters from
the GEOS-Chem complex SOA scheme. (d−f) Are the same as Panels (a−c), respectively, but for low NOx conditions. A bin was included for
highly oxygenated molecules (HOMs) at C* = 10−6 μg m−3 for the low-NOx conditions. The HOMs yields are from Bianchi et al.35
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There are two reasons why we assumed point contact for the
particles lost to the wall. First, SOA formed under dry chamber
conditions (RH < 20%), as is the case here and in many other
chamber experiments, has been shown to be semisolid/viscous,
with plenty of evidence for α-pinene SOA (di!usion coe"cient
∼10−19 m2 s−1).29,39−41 If this is the case, we would expect the
SOA-coated ammonium sulfate particle to retain its shape after
colliding and adhering to the chamber wall, specifically over
the duration of the chamber experiment (<12 h). Second,
“flattening” the particle to distribute the wall-deposited SOA
over the chamber wall would tend to increase the surface area
available for uptake of condensable vapors by only a small
amount, not enough to impact the VWL process. In sensitivity
simulations performed for the α-pinene case (Figure S9), we
found that the SOA surface area had to be increased by three
orders of magnitude to witness even a 2% increase in the
V2PWL-corrected SOA mass concentrations. To note, if all of
the SOA at the end of this experiment were spread out over the
chamber wall as a layer 1 nm thick, it would result in less than
a two order of magnitude increase in surface area.
Importantly, we found that across all precursors if V2PWL is

modeled without considering the chamber mixing limitations
to mass transfer, PWL + V2PWL (unrealistic) erroneously
increases the SOA mass yields by 2.8−8.7% for high NOx and
4−46% for low NOx, relative to PWL. Furthermore, we found
that, depending on the SOA precursor, PWL + V2PWL
(unrealistic) + VWL led to a −6.6 to +3.3% error in the final
SOA mass yields for high NOx and a +1.2 to +14.4% error for
low NOx (Figures 2 and S3−S8).

3. VBSSOM PARAMETERS DEVELOPED USING
PSEUDO-ATMOSPHERIC SIMULATIONS
3.1. VBSSOM Configuration. The SOM-TOMAS model is

too computationally intensive to be included in a CTM such as
GEOS-Chem. Therefore, we ran pseudo-atmospheric simu-
lations using the artifact-corrected SOA parameters described
in Section 2 and used the SOM-TOMAS model output to
develop VBS parameters, which are computationally e"cient
to be implemented in CTMs.42 In our pseudo-atmospheric
simulations, a trace amount of SOA precursor (∼1 pptv) was
oxidized to form SOA at a fixed OH concentration (1.5 × 106
molecules cm−3) for 7 days (1 week) at 1 atm and 298 K.
SOM-TOMAS was run at OA mass concentrations of 0.1, 1,
and 10 μg m−3 to capture several atmospherically relevant OA
mass concentrations.43 Our approach builds on Hodzic et al.23
However, we expanded on this approach by determining our
VBS parameters by simultaneously fitting across a range of OA
mass concentrations (0.1, 1, and 10 μg m−3) and constraining
those parameters to the average SOM-TOMAS-predicted SOA
mass yield between 24 h (1 day) and 168 h (7 days) of
photochemical aging. In comparison, Hodzic et al.23 only fit
the VBS parameters at one OA mass concentration (10 μg
m−3) and constrained the parameters to the SOM-predicted
SOA mass yield at 72 h (3 days) of photochemical aging.
The results of the pseudo-atmospheric simulations are

shown in solid lines in Figure 3 (3a: high NOx; 3d: low NOx),
for α-pinene under high-NOx and low-NOx and for the PWL
and PWL + V2PWL + VWL artifact-corrected configurations
described in Section 2. Results for all other precursors are in
Figures S10−S15. Generally, we found that large changes in
the SOM-TOMAS modeled SOA mass yields happened within

Figure 3. (a) Evolution of α-pinene secondary organic aerosol (SOA) mass yields as a function of atmospheric photochemical age at three di!erent
organic aerosol (OA) mass concentrations under high NOx conditions. Solid lines are the “atmospheric” simulation results from SOM-TOMAS,
while the dashed lines are the VBSSOM model predictions. (b): VBSSOM fit parameters resulting from Panel (a). Parameters were fit for C* = 0.1, 1,
10, and 100 μg m−3. (c) SOA mass yields across a range of OA mass concentrations based on the parameters in Panel (b) and the parameters from
the GEOS-Chem complex SOA scheme. (d−f) Are the same as Panels (a−c), respectively, but for low NOx conditions. A bin was included for
highly oxygenated molecules (HOMs) at C* = 10−6 μg m−3 for the low-NOx conditions. The HOMs yields are from Bianchi et al.35

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c03967
Environ. Sci. Technol. 2023, 57, 53−63

57

23

•Pseudo-atmospheric simulations were performed with SOM-TOMAS to 
generate VBS parameters for GEOS-Chem 

•Accounting for vapor wall losses resulted in a robust increase in SOA 
mass yields!-pinene High NOX

•Pseudo-atmospheric simulations were performed with SOM-TOMAS to generate VBS 
parameters for GEOS-Chem  

•Accounting for vapor wall losses resulted in a large increase in SOA mass yields 



 International Aerosol Modeling Algorithms (IAMA) Conference, 6-8 December 2023, Davis, CA
Atmospheric Chemistry Group Meeting, 20th September 2023, Fort Collins, CO

!-pinene Low NOX

There are two reasons why we assumed point contact for the
particles lost to the wall. First, SOA formed under dry chamber
conditions (RH < 20%), as is the case here and in many other
chamber experiments, has been shown to be semisolid/viscous,
with plenty of evidence for α-pinene SOA (di!usion coe"cient
∼10−19 m2 s−1).29,39−41 If this is the case, we would expect the
SOA-coated ammonium sulfate particle to retain its shape after
colliding and adhering to the chamber wall, specifically over
the duration of the chamber experiment (<12 h). Second,
“flattening” the particle to distribute the wall-deposited SOA
over the chamber wall would tend to increase the surface area
available for uptake of condensable vapors by only a small
amount, not enough to impact the VWL process. In sensitivity
simulations performed for the α-pinene case (Figure S9), we
found that the SOA surface area had to be increased by three
orders of magnitude to witness even a 2% increase in the
V2PWL-corrected SOA mass concentrations. To note, if all of
the SOA at the end of this experiment were spread out over the
chamber wall as a layer 1 nm thick, it would result in less than
a two order of magnitude increase in surface area.
Importantly, we found that across all precursors if V2PWL is

modeled without considering the chamber mixing limitations
to mass transfer, PWL + V2PWL (unrealistic) erroneously
increases the SOA mass yields by 2.8−8.7% for high NOx and
4−46% for low NOx, relative to PWL. Furthermore, we found
that, depending on the SOA precursor, PWL + V2PWL
(unrealistic) + VWL led to a −6.6 to +3.3% error in the final
SOA mass yields for high NOx and a +1.2 to +14.4% error for
low NOx (Figures 2 and S3−S8).

3. VBSSOM PARAMETERS DEVELOPED USING
PSEUDO-ATMOSPHERIC SIMULATIONS
3.1. VBSSOM Configuration. The SOM-TOMAS model is

too computationally intensive to be included in a CTM such as
GEOS-Chem. Therefore, we ran pseudo-atmospheric simu-
lations using the artifact-corrected SOA parameters described
in Section 2 and used the SOM-TOMAS model output to
develop VBS parameters, which are computationally e"cient
to be implemented in CTMs.42 In our pseudo-atmospheric
simulations, a trace amount of SOA precursor (∼1 pptv) was
oxidized to form SOA at a fixed OH concentration (1.5 × 106
molecules cm−3) for 7 days (1 week) at 1 atm and 298 K.
SOM-TOMAS was run at OA mass concentrations of 0.1, 1,
and 10 μg m−3 to capture several atmospherically relevant OA
mass concentrations.43 Our approach builds on Hodzic et al.23
However, we expanded on this approach by determining our
VBS parameters by simultaneously fitting across a range of OA
mass concentrations (0.1, 1, and 10 μg m−3) and constraining
those parameters to the average SOM-TOMAS-predicted SOA
mass yield between 24 h (1 day) and 168 h (7 days) of
photochemical aging. In comparison, Hodzic et al.23 only fit
the VBS parameters at one OA mass concentration (10 μg
m−3) and constrained the parameters to the SOM-predicted
SOA mass yield at 72 h (3 days) of photochemical aging.
The results of the pseudo-atmospheric simulations are

shown in solid lines in Figure 3 (3a: high NOx; 3d: low NOx),
for α-pinene under high-NOx and low-NOx and for the PWL
and PWL + V2PWL + VWL artifact-corrected configurations
described in Section 2. Results for all other precursors are in
Figures S10−S15. Generally, we found that large changes in
the SOM-TOMAS modeled SOA mass yields happened within

Figure 3. (a) Evolution of α-pinene secondary organic aerosol (SOA) mass yields as a function of atmospheric photochemical age at three di!erent
organic aerosol (OA) mass concentrations under high NOx conditions. Solid lines are the “atmospheric” simulation results from SOM-TOMAS,
while the dashed lines are the VBSSOM model predictions. (b): VBSSOM fit parameters resulting from Panel (a). Parameters were fit for C* = 0.1, 1,
10, and 100 μg m−3. (c) SOA mass yields across a range of OA mass concentrations based on the parameters in Panel (b) and the parameters from
the GEOS-Chem complex SOA scheme. (d−f) Are the same as Panels (a−c), respectively, but for low NOx conditions. A bin was included for
highly oxygenated molecules (HOMs) at C* = 10−6 μg m−3 for the low-NOx conditions. The HOMs yields are from Bianchi et al.35
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There are two reasons why we assumed point contact for the
particles lost to the wall. First, SOA formed under dry chamber
conditions (RH < 20%), as is the case here and in many other
chamber experiments, has been shown to be semisolid/viscous,
with plenty of evidence for α-pinene SOA (di!usion coe"cient
∼10−19 m2 s−1).29,39−41 If this is the case, we would expect the
SOA-coated ammonium sulfate particle to retain its shape after
colliding and adhering to the chamber wall, specifically over
the duration of the chamber experiment (<12 h). Second,
“flattening” the particle to distribute the wall-deposited SOA
over the chamber wall would tend to increase the surface area
available for uptake of condensable vapors by only a small
amount, not enough to impact the VWL process. In sensitivity
simulations performed for the α-pinene case (Figure S9), we
found that the SOA surface area had to be increased by three
orders of magnitude to witness even a 2% increase in the
V2PWL-corrected SOA mass concentrations. To note, if all of
the SOA at the end of this experiment were spread out over the
chamber wall as a layer 1 nm thick, it would result in less than
a two order of magnitude increase in surface area.
Importantly, we found that across all precursors if V2PWL is

modeled without considering the chamber mixing limitations
to mass transfer, PWL + V2PWL (unrealistic) erroneously
increases the SOA mass yields by 2.8−8.7% for high NOx and
4−46% for low NOx, relative to PWL. Furthermore, we found
that, depending on the SOA precursor, PWL + V2PWL
(unrealistic) + VWL led to a −6.6 to +3.3% error in the final
SOA mass yields for high NOx and a +1.2 to +14.4% error for
low NOx (Figures 2 and S3−S8).

3. VBSSOM PARAMETERS DEVELOPED USING
PSEUDO-ATMOSPHERIC SIMULATIONS
3.1. VBSSOM Configuration. The SOM-TOMAS model is

too computationally intensive to be included in a CTM such as
GEOS-Chem. Therefore, we ran pseudo-atmospheric simu-
lations using the artifact-corrected SOA parameters described
in Section 2 and used the SOM-TOMAS model output to
develop VBS parameters, which are computationally e"cient
to be implemented in CTMs.42 In our pseudo-atmospheric
simulations, a trace amount of SOA precursor (∼1 pptv) was
oxidized to form SOA at a fixed OH concentration (1.5 × 106
molecules cm−3) for 7 days (1 week) at 1 atm and 298 K.
SOM-TOMAS was run at OA mass concentrations of 0.1, 1,
and 10 μg m−3 to capture several atmospherically relevant OA
mass concentrations.43 Our approach builds on Hodzic et al.23
However, we expanded on this approach by determining our
VBS parameters by simultaneously fitting across a range of OA
mass concentrations (0.1, 1, and 10 μg m−3) and constraining
those parameters to the average SOM-TOMAS-predicted SOA
mass yield between 24 h (1 day) and 168 h (7 days) of
photochemical aging. In comparison, Hodzic et al.23 only fit
the VBS parameters at one OA mass concentration (10 μg
m−3) and constrained the parameters to the SOM-predicted
SOA mass yield at 72 h (3 days) of photochemical aging.
The results of the pseudo-atmospheric simulations are

shown in solid lines in Figure 3 (3a: high NOx; 3d: low NOx),
for α-pinene under high-NOx and low-NOx and for the PWL
and PWL + V2PWL + VWL artifact-corrected configurations
described in Section 2. Results for all other precursors are in
Figures S10−S15. Generally, we found that large changes in
the SOM-TOMAS modeled SOA mass yields happened within

Figure 3. (a) Evolution of α-pinene secondary organic aerosol (SOA) mass yields as a function of atmospheric photochemical age at three di!erent
organic aerosol (OA) mass concentrations under high NOx conditions. Solid lines are the “atmospheric” simulation results from SOM-TOMAS,
while the dashed lines are the VBSSOM model predictions. (b): VBSSOM fit parameters resulting from Panel (a). Parameters were fit for C* = 0.1, 1,
10, and 100 μg m−3. (c) SOA mass yields across a range of OA mass concentrations based on the parameters in Panel (b) and the parameters from
the GEOS-Chem complex SOA scheme. (d−f) Are the same as Panels (a−c), respectively, but for low NOx conditions. A bin was included for
highly oxygenated molecules (HOMs) at C* = 10−6 μg m−3 for the low-NOx conditions. The HOMs yields are from Bianchi et al.35

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c03967
Environ. Sci. Technol. 2023, 57, 53−63

57

23

•Pseudo-atmospheric simulations were performed with SOM-TOMAS to 
generate VBS parameters for GEOS-Chem 

•Accounting for vapor wall losses resulted in a robust increase in SOA 
mass yields!-pinene High NOX

•Pseudo-atmospheric simulations were performed with SOM-TOMAS to generate VBS 
parameters for GEOS-Chem  

•Accounting for vapor wall losses resulted in a large increase in SOA mass yields 



 International Aerosol Modeling Algorithms (IAMA) Conference, 6-8 December 2023, Davis, CA

Chem complex SOA scheme across OA mass concentrations
(Figures S10−S15). The default complex SOA scheme may
have had higher yields for β-caryophyllene, than the treatment
presented here, due to di!erences in the data from the
underlying chamber experiments. Generally, SOA mass yields
from the PWL + V2PWL + VWL scheme were higher on
account of including the influence of VWL in chamber
experiments.
The GEOS-Chem complex SOA configuration uses only

four c* bins. Our VBSSOM parameters spanned a wider range
and included HOMs species, so we added several c* bins to
implement our updated VBS parameters in GEOS-Chem. Our
updated version of GEOS-Chem included six c* bins for both
TSOA and ASOA (10−6, 0.01, 0.1, 1, 10, and 100 μg m−3).
4.2. GEOS-Chem Results and Discussion. The global-

average surface-level changes in TSOA, ASOA, and total OA
are shown in Figure 4 (absolute changes) and Figure S17
(relative changes). PWL + V2PWL + VWL led to a 0.25 μg
m−3 (24%) increase in global-average OA relative to PWL,
demonstrating that VWL is an influential loss pathway to
account for when developing VBS parameters for atmospheric
models. While there were large relative changes in the TSOA
tracer (87%) and ASOA tracer (102%), the majority of the
absolute change in global-average OA was driven by the
change in TSOA, which increased global-average OA by 0.20
μg m−3, rather than ASOA, which increased global-average OA
by 0.02 μg m−3.
PWL + V2PWL + VWL also increased global-average OA by

0.37 μg m−3 (40%) compared to the BASE simulation. The

higher global burden of OA in PWL + V2PWL + VWL relative
to PWL demonstrates that the impacts of chamber artifacts are
likely underestimated in the default complex SOA config-
uration although some of the di!erences between the PWL +
V2PWL + VWL and BASE simulations might result from using
a slightly di!erent set of chamber experiments to develop the
SOA parameters.
The regional changes in TSOA, ASOA, and OA, both in

absolute (Figure 4) and relative terms (Figure S17), were
much larger than the global-average surface-level changes.
When comparing PWL + V2PWL + VWL to PWL, surface-
level OA increased by up to a maximum of 9.0 μg m−3 (130%),
TSOA increased by up to a maximum of 8.9 μg m−3 (170%),
and ASOA increased by up to a maximum of 0.48 μg m−3

(213%). Understandably, the largest absolute changes for
TSOA and ASOA were near source regions where TSOA
increased over forested areas and ASOA increased near
population centers. The changes in TSOA contributed to
most of the overall changes in OA.
Given the importance of OA for PM2.5, we compared PM2.5

from the GEOS-Chem simulations to observationally con-
strained surface-level PM2.5 estimates from Hammer et al.65
(Figures S18 and S19). The comparison was conducted by
averaging the Hammer et al.65 estimates to our model
resolution (2° × 2.5°), where OA contributed 13% of global-
averaged PM2.5 in the BASE simulation. For the simulations
performed in this work, the BASE simulation had the largest
normalized mean bias (NMB) of −12% and an R2 of 0.825
with the Hammer et al.65 PM2.5 values, while the PWL +

Figure 4. (a) Simulated annual-mean surface-layer terpene secondary organic aerosol (TSOA) mass concentrations for the PWL scenario. (b)
Change in TSOA mass concentration for the PWL + V2PWL + VWL scenario relative to PWL. Red hues indicate an increase relative to PWL. (c,
d) The same as for Panels a and b, respectively, but for aromatic + IVOC secondary organic aerosol (ASOA). (e, f) The same as for Panels a and b,
respectively, but for total OA.
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Chem complex SOA scheme across OA mass concentrations
(Figures S10−S15). The default complex SOA scheme may
have had higher yields for β-caryophyllene, than the treatment
presented here, due to di!erences in the data from the
underlying chamber experiments. Generally, SOA mass yields
from the PWL + V2PWL + VWL scheme were higher on
account of including the influence of VWL in chamber
experiments.
The GEOS-Chem complex SOA configuration uses only

four c* bins. Our VBSSOM parameters spanned a wider range
and included HOMs species, so we added several c* bins to
implement our updated VBS parameters in GEOS-Chem. Our
updated version of GEOS-Chem included six c* bins for both
TSOA and ASOA (10−6, 0.01, 0.1, 1, 10, and 100 μg m−3).
4.2. GEOS-Chem Results and Discussion. The global-

average surface-level changes in TSOA, ASOA, and total OA
are shown in Figure 4 (absolute changes) and Figure S17
(relative changes). PWL + V2PWL + VWL led to a 0.25 μg
m−3 (24%) increase in global-average OA relative to PWL,
demonstrating that VWL is an influential loss pathway to
account for when developing VBS parameters for atmospheric
models. While there were large relative changes in the TSOA
tracer (87%) and ASOA tracer (102%), the majority of the
absolute change in global-average OA was driven by the
change in TSOA, which increased global-average OA by 0.20
μg m−3, rather than ASOA, which increased global-average OA
by 0.02 μg m−3.
PWL + V2PWL + VWL also increased global-average OA by

0.37 μg m−3 (40%) compared to the BASE simulation. The

higher global burden of OA in PWL + V2PWL + VWL relative
to PWL demonstrates that the impacts of chamber artifacts are
likely underestimated in the default complex SOA config-
uration although some of the di!erences between the PWL +
V2PWL + VWL and BASE simulations might result from using
a slightly di!erent set of chamber experiments to develop the
SOA parameters.
The regional changes in TSOA, ASOA, and OA, both in

absolute (Figure 4) and relative terms (Figure S17), were
much larger than the global-average surface-level changes.
When comparing PWL + V2PWL + VWL to PWL, surface-
level OA increased by up to a maximum of 9.0 μg m−3 (130%),
TSOA increased by up to a maximum of 8.9 μg m−3 (170%),
and ASOA increased by up to a maximum of 0.48 μg m−3

(213%). Understandably, the largest absolute changes for
TSOA and ASOA were near source regions where TSOA
increased over forested areas and ASOA increased near
population centers. The changes in TSOA contributed to
most of the overall changes in OA.
Given the importance of OA for PM2.5, we compared PM2.5

from the GEOS-Chem simulations to observationally con-
strained surface-level PM2.5 estimates from Hammer et al.65
(Figures S18 and S19). The comparison was conducted by
averaging the Hammer et al.65 estimates to our model
resolution (2° × 2.5°), where OA contributed 13% of global-
averaged PM2.5 in the BASE simulation. For the simulations
performed in this work, the BASE simulation had the largest
normalized mean bias (NMB) of −12% and an R2 of 0.825
with the Hammer et al.65 PM2.5 values, while the PWL +

Figure 4. (a) Simulated annual-mean surface-layer terpene secondary organic aerosol (TSOA) mass concentrations for the PWL scenario. (b)
Change in TSOA mass concentration for the PWL + V2PWL + VWL scenario relative to PWL. Red hues indicate an increase relative to PWL. (c,
d) The same as for Panels a and b, respectively, but for aromatic + IVOC secondary organic aerosol (ASOA). (e, f) The same as for Panels a and b,
respectively, but for total OA.
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Chem complex SOA scheme across OA mass concentrations
(Figures S10−S15). The default complex SOA scheme may
have had higher yields for β-caryophyllene, than the treatment
presented here, due to di!erences in the data from the
underlying chamber experiments. Generally, SOA mass yields
from the PWL + V2PWL + VWL scheme were higher on
account of including the influence of VWL in chamber
experiments.
The GEOS-Chem complex SOA configuration uses only

four c* bins. Our VBSSOM parameters spanned a wider range
and included HOMs species, so we added several c* bins to
implement our updated VBS parameters in GEOS-Chem. Our
updated version of GEOS-Chem included six c* bins for both
TSOA and ASOA (10−6, 0.01, 0.1, 1, 10, and 100 μg m−3).
4.2. GEOS-Chem Results and Discussion. The global-

average surface-level changes in TSOA, ASOA, and total OA
are shown in Figure 4 (absolute changes) and Figure S17
(relative changes). PWL + V2PWL + VWL led to a 0.25 μg
m−3 (24%) increase in global-average OA relative to PWL,
demonstrating that VWL is an influential loss pathway to
account for when developing VBS parameters for atmospheric
models. While there were large relative changes in the TSOA
tracer (87%) and ASOA tracer (102%), the majority of the
absolute change in global-average OA was driven by the
change in TSOA, which increased global-average OA by 0.20
μg m−3, rather than ASOA, which increased global-average OA
by 0.02 μg m−3.
PWL + V2PWL + VWL also increased global-average OA by

0.37 μg m−3 (40%) compared to the BASE simulation. The

higher global burden of OA in PWL + V2PWL + VWL relative
to PWL demonstrates that the impacts of chamber artifacts are
likely underestimated in the default complex SOA config-
uration although some of the di!erences between the PWL +
V2PWL + VWL and BASE simulations might result from using
a slightly di!erent set of chamber experiments to develop the
SOA parameters.
The regional changes in TSOA, ASOA, and OA, both in

absolute (Figure 4) and relative terms (Figure S17), were
much larger than the global-average surface-level changes.
When comparing PWL + V2PWL + VWL to PWL, surface-
level OA increased by up to a maximum of 9.0 μg m−3 (130%),
TSOA increased by up to a maximum of 8.9 μg m−3 (170%),
and ASOA increased by up to a maximum of 0.48 μg m−3

(213%). Understandably, the largest absolute changes for
TSOA and ASOA were near source regions where TSOA
increased over forested areas and ASOA increased near
population centers. The changes in TSOA contributed to
most of the overall changes in OA.
Given the importance of OA for PM2.5, we compared PM2.5

from the GEOS-Chem simulations to observationally con-
strained surface-level PM2.5 estimates from Hammer et al.65
(Figures S18 and S19). The comparison was conducted by
averaging the Hammer et al.65 estimates to our model
resolution (2° × 2.5°), where OA contributed 13% of global-
averaged PM2.5 in the BASE simulation. For the simulations
performed in this work, the BASE simulation had the largest
normalized mean bias (NMB) of −12% and an R2 of 0.825
with the Hammer et al.65 PM2.5 values, while the PWL +

Figure 4. (a) Simulated annual-mean surface-layer terpene secondary organic aerosol (TSOA) mass concentrations for the PWL scenario. (b)
Change in TSOA mass concentration for the PWL + V2PWL + VWL scenario relative to PWL. Red hues indicate an increase relative to PWL. (c,
d) The same as for Panels a and b, respectively, but for aromatic + IVOC secondary organic aerosol (ASOA). (e, f) The same as for Panels a and b,
respectively, but for total OA.
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Figure S19: Fine particulate matter (PM2.5) estimates from Hammer et al., 2020 vs PM2.5 estimates from
GEOS-Chem. GEOS-Chem estimates are from the PWL simulation (panel a), the PWL+V2PWL+VWL
simulation (panel b), and the BASE simulation (panel c), which uses the default complex SOA scheme.

S20

Figure S19: Fine particulate matter (PM2.5) estimates from Hammer et al., 2020 vs PM2.5 estimates from
GEOS-Chem. GEOS-Chem estimates are from the PWL simulation (panel a), the PWL+V2PWL+VWL
simulation (panel b), and the BASE simulation (panel c), which uses the default complex SOA scheme.

S20
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Key Findings:  

Study 1: Observations of the particle size distribution can be used to constrain the 
particle phase state and oligomer formation 

Study 2: Process-level modeling can explain SOA formation and composition in 
environmental chambers and OFRs, enabling better parameters for 3D models  

Study 3: Vapors are lost to suspended particles and to the walls but NOT to wall 
particles  
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