
Secondary organic aerosol in residences: predicting its fraction

of fine particle mass and determinants of formation strength

Abstract Indoor secondary organic aerosol (SOA) formation may contribute to
particle concentrations within residences, but little systematic work has
investigated its magnitude or the determinants of its formation. This work uses
a time-averaged modeling approach to predict the indoor SOA mass formed in
residences due to the oxidation of 66 reactive organic compounds by ozone or
the hydroxyl radical, parameterizing SOA formation with the aerosol mass
fraction. Other organic and inorganic aerosols owing to outdoor and indoor
sources were also predicted. Model inputs were represented as distributions
within a Monte Carlo analysis, so that result distributions and sensitivity of
results to inputs could be quantified, using a dataset developed from the study
of Relationships between Indoor, Outdoor and Personal Air and other sources.
SOA comprised a large amount of indoor organic and total fine particles for a
subset of the results (e.g., >47% of indoor organic and >30% of fine aerosol for
10% of the modeled cases), but was often a small fraction. The sensitivity
analysis revealed that SOA formation is driven by high terpene emission rates
(particularly by d-limonene) and outdoor ozone, along with low air exchange
and ozone and particle deposition rates.
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Practical Implications
This study predicts that indoor SOA formation can be a substantial fraction of indoor aerosols in residences, for cer-
tain combinations of building and reactant parameters. The model herein can predict SOA for risk analyses or be used
to design experiments to study indoor SOA formation. The terpene, d-limonene, contributes by far the most to forma-
tion, and eliminating this particular compound indoors would be impactful on indoor aerosol concentrations.

Introduction

People in developed countries spend nearly 90% of
their lives indoors, mostly within residences (e.g., Kle-
peis et al., 2001), in which they are exposed to air pol-
lutants such as ozone (O3) (Weschler, 2000), volatile
and semivolatile organic compounds (Brown et al.,
1994; Weschler and Nazaroff, 2008), and fine particles
(Wallace, 2006). Indoor exposures to these pollutants
negatively impact human health (e.g., Logue et al.,
2011; Weschler, 2006; Weschler and Nazaroff, 2008),
and since humans inhabit residences a dominant frac-
tion of the time, reducing residential indoor exposure
to any of these contaminants is a worthy goal. As such,
this study investigates the residential particle source of
secondary organic aerosol (SOA), which forms due to
products of oxidative reactions with reactive organic
compounds (ROG) indoors.

Given that a large fraction of urban particles is
composed of SOA (e.g., Polidori et al., 2006a) and
increases in urban particle concentrations have been
correlated with observable health impacts (Pope and
Dockery, 2006), it is feasible though not certain
that exposure to indoor-generated SOA may have
health effects (Rohr, 2013). One study, though,
found that acute airway effects owing to reactions
of O3 and d-limonene were caused by gaseous not
aerosol products, using mouse bioassays (Wolkoff
et al., 2008). Furthermore, SOA may negatively
influence health by acting as sorptive reservoirs for
either reactive oxygen species (ROS) formed during
oxidative processes (Chen et al., 2011) or for semi-
volatile organic compounds (SVOC) emitted
indoors, such as plasticizers or pesticides (Benning
et al., 2013; Liu et al., 2012; Weschler and Nazar-
off, 2008).

376

Indoor Air 2014; 24: 376–389 © 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
wileyonlinelibrary.com/journal/ina
Printed in Singapore. All rights reserved INDOOR AIR

doi:10.1111/ina.12092



Weschler and Shields (1999) first observed SOA for-
mation indoors from reactions of O3 and d-limonene
and other terpenoids, and since then, indoor SOA
research has almost solely focused on that which forms
because of O3 gas-phase reactions with terpenoid
ROGs (e.g., Chen and Hopke, 2009, 2010; Coleman
et al., 2008; Destaillats et al., 2006; Fadeyi et al., 2009,
2013; Sarwar and Corsi, 2007; Sarwar et al., 2003;
Wainman et al., 2000; Waring et al., 2008, 2011; Zura-
imi et al., 2007), although SOA derived from ozone
surface reactions with sorbed d-limonene (Waring and
Siegel, 2013) and squalene (Wang and Waring, 2014)
has also been studied. Terpenoids are prevalent
indoors and emitted by consumer product use (Cole-
man et al., 2008; Destaillats et al., 2006; Singer et al.,
2006a,b). Indoor O3 sources include outdoor-to-indoor
transport (Sabersky et al., 1973) or emissions from
office equipment (Lee et al., 2001) and ion or O3

generators (Britigan et al., 2006; Hubbard et al., 2005;
Niu et al., 2001; Tung et al., 2005; Waring et al.,
2008).

At typical concentrations in homes, O3 and ROG
reactions likely occur and generate SOA at fast enough
rates to influence particle concentrations, yet little is
known about the actual magnitude of SOA in resi-
dences. Other residential indoor aerosol sources are
strong and could dominate SOA formation, including
ambient particle infiltration (Riley et al., 2002; El Orch
et al., 2014), cooking (Wallace, 2006), or smoking
(Wallace, 1996). Nevertheless, the study of the Rela-
tionships between Indoor, Outdoor and Personal Air
(RIOPA) measured organic and total fine particle con-
centrations in non-smoking homes in three U.S. cities,
and it estimated that 40–75% of the measured organic
aerosol was generated indoors and speculated that
SOA was a contributor (Polidori et al., 2006b). More-
over, Weschler (2006) noted that data from a field
study in Baltimore discussed in Sarnat et al. (2005)
supports the role of indoor SOA comprising meaning-
ful fractions of indoor particle mass, due to differences
noted in winter and summer months that were attrib-
uted to differences in outdoor O3 formation.

This study explores the contributing fraction of SOA
to residential indoor concentrations of organic and fine
aerosol mass, as well as the strength of determinants
on SOA formation, with a modeling approach. SOA
mass formation is predicted with the aerosol mass frac-
tion, AMF or ξ (Hoffmann et al., 1997; Odum et al.,
1996), within the ‘volatility basis set’ (VBS) framework
(Donahue et al., 2006; Presto and Donahue, 2006). As
indoor studies have investigated SOA mostly from O3

and terpenoid reactions, this work explores the possi-
ble influence of oxidation of 66 ROGs of different
chemical classes. Considered determinants include the
oxidation of ROGs by O3 and the hydroxyl radical
(OH), as well as building and environmental variables,
using a dataset assembled from the RIOPA study but

supplemented by other studies for ROGs not measured
during that campaign. Input variables were modeled as
probability distributions and used in a Monte Carlo
approach so that distributions of results could be
predicted, as well as so the influence of inputs on SOA
formation could be quantified.

Modeling methodology

Overview of model

The model predicts indoor concentrations of the oxi-
dants O3 and OH; a set of 66 reactive organic gases
(ROG j); organic and inorganic aerosol components
from outdoor sources (OOA and OIA, respectively);
organic and inorganic aerosol components emitted by
primary indoor sources (POA and PIA, respectively);
and indoor-generated SOA. As such, the total indoor
organic aerosol mass (OA) is OA = OOA + POA +
SOA; the total inorganic aerosol mass (IA) is
IA = OIA + PIA; and the total fine particulate matter
(PM) mass concentration is PM = OA + IA. To be
clear, the OA and IA distinctions do not necessary rep-
resent physically distinct aerosol populations, but
rather they represent the organic and inorganic
amounts within the total aerosol mass concentration.

The RIOPA data used to generate model inputs were
indoor and outdoor 48-h samples (Weisel et al., 2005)
that measured select ROGs, fine particle mass (i.e.,
<2.5 lm in diameter), and the organic fraction of those
fine particles (as well as air exchange and deposition
rates). Therefore, time-averaged (Riley et al., 2002),
volume-normalized mass balances were written to pre-
dict time-averaged indoor concentrations (with a gen-
eric one representing each ROG j), which are
Equations 1–8. Also, two expressions for predicting
SOA mass generation due to oxidation of organic gases
by O3 or OH were written, which are Equations 9 and
10.

Predicting indoor concentrations

The schematic in Figure 1 illustrates the oxidant, ROG
j, and aerosol fate and transport in the model, and the
variables thereon were used in the mass balances and
SOA formation expressions. The mass balances for
each pollutant assume the indoor air is a single well-
mixed control volume with air exchange due to infiltra-
tion or open doors and windows, as with homes in the
RIOPA study. In Equations 1–8, numerator terms are
sources, and denominator terms are losses. Sources
may be due to outdoor-to-indoor transport, as with
O3, OH, the ROGs, OOA and OIA, or they may be
due to indoor emission or generation, as with OH, the
ROGs, POA, SOA, and PIA. All species are reduced
by air exchange. Other O3 and OH losses are surface
and gas-phase reactions; another ROG loss is gas-
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phase reactions; and another loss for all aerosols is
total deposition, which may include the deposition to
indoor surfaces or onto filters in a recirculating air sys-
tem. Attenuation of O3, OH, OOA, and OIA owing to
losses within the envelope with infiltration air is
neglected as some air exchange is through large open-
ings. Sorption of ROGs to indoor material surfaces is
dynamic and thus not included.

Equations 1–3 are the mass balances for gases. The
indoor O3 mole fraction, CO3 (ppb), is:

CO3 ¼ kCO3;o

kþ bO3 þ
P

j ðkjðO3ÞCjÞ ð1Þ

where k (h�1) is the air exchange rate; bO3 (h
�1) is the

O3 surface deposition rate; CO3,o (ppb) is the outdoor
O3 mole fraction; Cj (ppb) is the indoor ROG j mole
fraction; and kj(O3) (ppb

�1 h�1) is the bimolecular reac-
tion rate constant for O3 and ROG j. Reactions of O3

and unsaturated ROGs (e.g., terpenes, alkenes) yield
OH indoors (e.g., Weschler and Shields, 1996), and the
indoor OH mole fraction, COH (ppb), is:

COH ¼ kCOH;o þ CO3

P
j ðYOH;jðO3ÞkjðO3ÞCjÞ

kþ bOH þP
j ðkjðOHÞCjÞ ð2Þ

where bOH (h�1) is the surface deposition rate of OH;
COH,o (ppb) is the outdoor OH mole fraction; kj(OH)

(ppb�1 h�1) is the bimolecular reaction rate constant
for OH and ROG j; and YOH,j(O3) is the molar yield of
OH resulting from O3 reactions with any unsaturated
ROG j. The indoor mole fraction for any ROG j, Cj

(ppb), is:

Cj ¼ kCj;o þ Ej=V

kþ kjðO3ÞCO3 þ kjðOHÞCOH
ð3Þ

where Cj,o (ppb) is the outdoor concentration of ROG
j; and Ej/V (ppb/h) is the volume-normalized emission
rate of ROG j from all indoor sources (i.e., a ‘whole-

house’ emission rate). The oxidation of ROGs by any
other oxidant (e.g., nitrate radicals) is neglected.

Equations 4–6 are mass balances for organic aerosol
mass concentrations. The indoor concentration of the
OOA from outdoor-to-indoor transport, COOA

(lg/m3), is:

COOA ¼ kCOA;o

kþ bPM
ð4Þ

whereCOA,o (lg/m
3) is the outdoor organic aerosol con-

centration; and bPM (h�1) is the total deposition rate of
all PM types in the model. Although different types of
PM may have different deposition rates indoors, this
study used one value for all aerosol components due
to uncertainty in individual loss rates. The indoor-
generated POA concentration,CPOA (lg/m3), is:

CPOA ¼ EPOA=V

kþ bPM
ð5Þ

where EPOA/V (lg/m3 h) is the volume-normalized
emission rate of POA from all combined indoor
sources. Equations 4 and 5 assume that any so-called
OOA and POA indoors are composed of non-volatile
elements and no mass is lost due to semivolatile repar-
titioning, as there is not sufficient information to pre-
dict the volatility distributions of those aerosols. The
SOA formed indoors owing to ROG j oxidation by O3

or OH, CSOA (lg/m3), is:

CSOA

¼CO3

P
jðnjðO3ÞkjðO3ÞCjCJÞþCOH

P
jðnjðOHÞkjðOHÞCjCJÞ

kþbPM
ð6Þ

where ξj(O3) and ξj(OH) are the AMFs for ROG j oxida-
tion by O3 or OH, respectively; and Γj is a tempera-
ture-dependent conversion factor to change units from
ppb to lg/m3 for ROG j.

COA,o

CIA,o

CO3,o

COH,o

λCo

Cj,o

COOA

CPOA

CSOA

CO3 + Cj COH

CO3 + Cj CSOA

COH + Cj CSOA

Ej EPOA EPIA
βPMβO3 βOH

CO3

COH

Cj

Deposi�on losses to surfacesROG and aerosol emissions

Sources and losses from
chemical reac�ons

Outdoor
concentra�ons

Air exchange
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λC

Air exchange
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V    

COIA

CPIA

Indoor oxidant, ROG, organic, and
inorganic aerosol  concentra�onsT

Fig. 1 Schematic for accounting for ozone, hydroxyl radical, reactive organic gas (ROG j), and aerosol fate and transport in the resi-
dential indoor air SOA formation model. See text for variable definitions and model equations
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Equation 6 is similar to the SOA formation model
in Youssefi and Waring (2012) for single terpenoid
ozonolysis, but it has been expanded to include SOA
formation due to multiple ROGs and OH oxidation as
well. Odum et al. (1996, 1997) demonstrated that SOA
formation resulting from the oxidation of a mixture of
ROGs could be predicted as the summed formation
predicted by the AMFs for the individual parent com-
pounds, so Equation 6 should be appropriate to use
indoors. To determine COA (lg/m3), the total indoor
organic aerosol concentration, one uses COA = COOA +
CPOA + CSOA.

Equations 7 and 8 are mass balances for inorganic
aerosol mass concentrations from different sources,
and the inorganic aerosol components of OIA and PIA
were determined with mass balances and assumptions
similar to OOA and POA, respectively. The indoor
concentration of OIA due to outdoor-to-indoor trans-
port, COIA (lg/m3), is:

COIA ¼ kCIA;o

kþ bPM
ð7Þ

where CIA,o (lg/m3) is the outdoor inorganic aerosol
concentration. The indoor-generated PIA concentra-
tion, CPIA (lg/m3), is:

CPIA ¼ EPIA=V

kþ bPM
ð8Þ

where EPIA/V (lg/m3 h) is the volume-normalized
emission rate of PIA from all indoor sources. To find
CIA (lg/m3), the total indoor inorganic aerosol concen-
tration, one uses CIA = COIA + CPIA. Furthermore, the
total fine particle concentration indoors, CPM (lg/m3),
is CPM = COA + CIA.

This indoor SOA formation model describes the
overall partitioning behavior of ROG j oxidation prod-
ucts with the aerosol mass fraction (also called the
SOA yield) for ROG j by either oxidant (ox) O3 or
OH, which is the ratio of the mass of organic aerosol
formed, DCSOA (lg/m3), to the mass of ROG j reacted,
DCj (lg/m

3), as in Equation 9:

njðoxÞ ¼
DCSOA

DCj
¼

X
i

aiðoxÞ
1þ ðc�i =COAÞ

� �

¼
X
i

aiðoxÞ
1þ ðc�i =ðCSOA þ CPOA þ COOAÞÞ

� �

ð9Þ

where the ξj(ox) is the AMF for ROG j oxidation by O3

or OH as represented by a multiproduct model; ai(ox) is
the mass-based yield of product i for either oxidant
(ox); and c�i (lg/m3) is the effective gas-phase satura-
tion concentration of species or group i (Odum et al.,
1996; Presto and Donahue, 2006). A multiproduct

model describes SOA formation by lumping contribu-
tions of products with similar volatilities. Rather than
the Odum one- or two-product model, this study uses
the ‘volatility basis set’ (VBS) approach, which is more
effective at the lower COA (i.e., <10 lg/m3) typical of
many indoor settings. Also, the two-product model is
problematic because its parameters are not orthogonal
and have high covariance (Presto and Donahue, 2006).
The VBS overcomes this shortcoming by constraining
the c�i at logarithmically spaced intervals and describ-
ing formation results with fits of ai at those c�i . As
shown in Equation 9, as the COA increases (i.e., from
OOA, POA, or SOA), so does the AMF.

AMFs determined from laboratory experiments are
usually reported as normalized to a particle density of
1 g/cm3 and a reference temperature of 298 K so that
variations in density and temperature can easily be
modeled. To convert to values for different cases, the ξj
is multiplied by the OA density, and the c�i may be
shifted to reflect the different temperature, c�i (T), with
the Clausius–Clapeyron equation:

c�i ðTÞ¼ c�i ðT298KÞT298K

T
exp

DHi

R

1

T298K
� 1

T

� �� �
ð10Þ

where c�i (T298K) is the c�i at the 298 K reference tem-
perature; DHi (kJ/mol) is the enthalpy of evaporation
for product i; and R (kJ/K�mol) is the gas constant.
Also, the effects of UV light and NOx on the AMFs
for some ROGs have been determined, but these are
herein neglected because UV effects are less important
indoors than outdoors and NOx was not measured
during the RIOPA campaign, respectively.

Model inputs

Input parameters were taken from the RIOPA set, and
when not available, they were drawn from other stud-
ies. Probability distributions were used for most of the
building and environmental input parameters, inclu-
ding {k, T, bO3, bPM, CO3,o, COA,o, CIA,o, Cj,o, EPOA/V,
EPIA/V, Ej/V}. Single values were used for the
variables COH,o = 2 9 10�4 ppb and bOH = 7.06 h�1

(Weschler and Shields, 1996), as indoor OH is chiefly
due to indoor OH formation and OH surface reaction
rates are uncertain. The distributions used in the
Monte Carlo operation were lognormal, except for T,
which was normal. Input distribution parameters are
listed in Table 1, except for the 66 ROG inputs, which
are listed in Table 2. These distributions were directly
reported in the literature or were estimated with sum-
mary data, and references used for inputs are listed in
Tables 1 and 2. Volume-normalized emission rate dis-
tributions were calculated in a separate Monte Carlo
procedure prior to the primary Monte Carlo analysis,
using the distributions for reported indoor and out-
door concentrations and other relevant parameters.
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In the RIOPA study, 29 ROGs were measured, con-
sisting primarily of monoterpenes, aromatics, carbo-
nyls, and chlorinated compounds. For most carbonyls
in the RIOPA study, active and passive methods were
used for sample collection, and in that case, this work
used the average of the two results. As a major objec-
tive of this study was to examine the relative influence
on indoor SOA production of the oxidation of differ-
ent ROGs, this dataset was supplemented to include
more ROGs typically found in residences, fromWesch-
ler and Shields (1996) and Sarwar et al. (2002). From
these, 37 more compounds were included, mostly com-
prising additional monoterpenes, alkenes, alcohols,
and alkanes. For these other studies, distribution data
were not available, so distribution characteristics were
assumed that mimicked those for similar compounds
in the RIOPA study. Thus, the input dataset was not
meant to perfectly represent the RIOPA set; rather, the
RIOPA and other data were used to construct a realis-
tic, reasonable modeling space in which the study ques-
tions could be explored.

These parameters, {kj(O3), kj(OH), YOH,j(O3), ξj(O3),
ξj(OH)}, relate to the oxidation of the 66 ROGs. For the
oxidation by O3 or OH of the 66 ROGs, temperature-
dependent rate constants, kj(O3) and kj(OH), were taken
from the Master Chemical Mechanism, MCM v3.2
(Bloss et al., 2005; Jenkin et al., 1997, 2003; Saunders
et al., 2003). Of the 66 ROGs, nine rate constants were
not part of the MCM, so these were either taken from
other sources or assumed as the same as the most

similar compound. Table 2 lists the rate constants at
the mean temperature (AM = 296.9 K) for all ROGs,
as well as references for the nine rates not in the MCM.
The OH molar yields for relevant O3/ROG j reactions,
YOH,j(O3), were from Weschler and Shields (1996), and
those are listed in Table 2 as well.

To facilitate SOA formation modeling and subse-
quent analysis, the 66 ROGs were lumped into 13
SOA-forming groups according to the grouping used
in Lane et al. (2008). The 13 groups and their VBS
parameters for their AMFs, ξj(O3) and ξj(OH), are in
Table 3. There are six monoterpenes, which are consid-
ered individually due to their high formation potential,
and they are d-limonene (DLIM), a-pinene (APIN),
b-pinene (BPIN), camphene (CAMP), a-terpinene
(ATERP), and D3-carene (D3CAR). The remaining
ROG groups are two lumped olefin groups (OLE1 and
OLE2), isoprene (ISO), two aromatic groups (ARO1
and ARO2), and two high molecular weight alkane
groups (ALK4 and ALK5).

This work uses AMFs represented by the VBS model
with a four-product basis set over c�i (T298K) spaced at
1, 10, 100, and 1000 lg/m3, as listed in Table 3. The
AMFs for all ROGs except the terpenes were from the
base case in Lane et al. (2008). The AMFs for d-limo-
nene and a-pinene were from experiments without UV
or NOx in Zhang et al. (2006) and Presto and Donahue
(2006), respectively. For the other terpenes, the AMFs
were estimated by scaling two-product AMFs to the
VBS AMF of a-pinene. The initial two-product fits for
b-pinene, a-terpinene, and D3-carene were those
reported in Griffin et al. (1999); camphene was assumed
as the same as b-pinene as both have similar exocyclic
double bonds. When AMFs from ozonolysis and pho-
tooxidation experiments were available, one AMF was
determined as an average weighted by O3 and OH reac-
tivity for the compound (assuming the median resulting
indoor O3 and OH mole fractions). For simulated cases
at different temperatures, the c�i (T298K) was adjusted to
the relevant temperature using DHi = 30 kJ/mol (Lane
et al., 2008). The density of SOA was assumed as 1.6 g/
cm3 (Chen and Hopke, 2009).

Solution procedure

The Monte Carlo operation used input values that
were randomly sampled from the input probability
distributions to solve for 10 000 unique cases the time-
averaged indoor concentrations of {CO3, COH, the 66
Cj, CSOA, COOA, CPOA, COA, COIA, CPIA, CIA, CPM}.
For each case, the simultaneous solution of the model
equations was required. The solution procedure recog-
nizes that time-averaged and steady state equations to
predict indoor concentrations are identical in form
(Riley et al., 2002). Therefore, to solve the model equa-
tions simultaneously, Equations 1–8 were cast into
their differential form and solved simultaneously with

Table 1 Input parameters for Monte Carlo analysis exploring time-averaged SOA forma-
tion owing to oxidation of 66 reactive organic gases (ROGs), including the geometric mean
(GM) and geometric standard deviation (GSD) for the lognormal distributions and the arith-
metic mean (AM) and arithmetic standard deviation (SD) for the normal distribution

Parameter GM GSD 1st Percentile 99th Percentile Source

k (h�1) 0.75 2.1 0.135 4.14 1
bO3 (h

�1) 2.5 1.5 1.08 6.36 2, 3, 4
bPM (h�1) 0.79 1.35 0.395 1.57 1
CO3,o (ppb) 25.5 2.04 4.91 108 5
COA,o (lg/m

3) 4.02 1.65 1.53 12.6 1, 6
CIA,o (lg/m

3) 11.5 1.65 4.36 36.6 1, 6
EPOA/V (lg/m

3 h) 7.0 1.75 1.88 26.1 1, 6
EPIA/V (lg/m3 h) 2.2 1.75 0.611 8.06 1, 6
Cj,o (ppb) Table 2 for 66

ROG j
1, 7, 8

Ej/V (ppb/h) Table 2 for 66
ROG j

1, 7, 8

AM SD

T (K) 296.9 3.0 290 302 1

1. Weisel et al. (2005).
2. Lee et al. (1999).
3. USEPA (2006).
4. Morrison et al. (2011).
5. Youssefi and Waring (2012).
6. Turpin et al. (2007).
7. Weschler and Shields (1996).
8. Sarwar et al. (2002).
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Table 2 Summary of model inputs and outputs for 66 considered reactive organic gases (ROG j)

kj(O3)
2 kj(OH)

2 YOH
3 ξj(O3)

4 ξj(OH)
4 Ej/V

5 (ppb/h) Cj,o
6 (ppb) Cj

7 (ppb)
Compound1 (ppb�1 h�1) (ppb�1 h�1) (�) (�) (�) GM (GSD) GM (GSD) GM (GSD)

Terpenes
d-Limonene (a) 1.9E�02 1.5E+04 0.86 DLIM DLIM 1.5 (4.8) 0.23 (2.5) 2.2 (3.8)
a-Pinene (a) 7.9E�03 4.7E+03 0.85 APIN APIN 0.23 (6.7) 0.057 (2.7) 0.43 (4.3)
b-Pinene (a) 1.3E�03 7.0E+03 0.35 BPIN BPIN 0.19 (5.4) 0.032 (1.3) 0.32 (4.1)
Camphene (b) 7.9E�03 4.7E+03 0.15 CAMP CAMP 0.22 (5.6) 0.083 (1.8) 0.43 (3.5)
a-Terpinene (b) 7.5E�01 3.2E+04 0.91 ATERP ATERP 0.15 (5.5) 0.010 (1.8) 0.035 (5.2)
D3-carene (c) 3.3E�03 7.8E+03 0.85 D3CAR D3CAR 0.17 (5.5) 0.020 (1.8) 0.26 (4.3)

Alkenes
Ethene (b) 1.4E�04 7.6E+02 0.12 – – 0.72 (3.8) 0.50 (1.3) 1.7 (2.4)
Propene (b) 8.7E�04 2.3E+03 0.33 – – 0.24 (3.8) 0.16 (1.3) 0.56 (2.5)
trans-2-Butene (b) 1.7E�02 5.7E+03 0.64 – OLE1 0.13 (3.7) 0.073 (1.3) 0.25 (2.5)
cis-2-Butene (b) 1.1E�02 5.0E+03 0.41 – OLE1 0.14 (3.7) 0.080 (1.3) 0.27 (2.5)
Isobutene (b) 9.9E�04 4.6E+03 0.84 – OLE2 0.24 (3.8) 0.16 (1.3) 0.56 (2.5)
1,3-Butadiene (b) 5.5E�04 6.0E+03 0.08 OLE1 OLE2 0.15 (3.7) 0.10 (1.3) 0.35 (2.4)
2-Methyl-2-butene (b) 3.6E�02 7.8E+03 0.89 OLE1 OLE2 0.16 (3.5) 0.077 (1.3) 0.26 (2.7)
Styrene (a) 1.5E�03 5.2E+03 0.37 OLE2 OLE2 0.059 (3.8) 0.040 (1.3) 0.14 (2.5)
Isoprene (b) 1.1E�03 8.9E+03 0.27 ISOP ISOP 1.0 (3.8) 0.67 (1.3) 2.3 (2.5)

Aromatics
Benzene (a) – 1.1E+02 – – ARO1 0.35 (4.6) 0.53 (2.0) 1.3 (2.4)
Toluene (a) – 5.0E+02 – – ARO1 1.2 (4.2) 1.4 (1.5) 3.6 (2.3)
Phenol (c) – 9.8E+02 – – ARO2 1.2 (4.2) 0.80 (2.1) 3.1 (2.8)
m- and p-Xylenes (a) – 1.6E+03 – – ARO2 0.62 (4.8) 0.57 (2.4) 1.8 (2.8)
o-Xylene (a) – 1.2E+03 – – ARO2 0.19 (4.5) 0.22 (2.2) 0.59 (2.5)
Ethylbenzene (a) – 6.2E+02 – – ARO2 0.17 (4.5) 0.21 (2.0) 0.57 (2.5)
Isopropyl benzene (c) – 5.6E+02 – – ARO2 0.10 (4.2) 0.060 (2.1) 0.24 (2.8)
1,2,4-Trimethylbenzene (b) – 2.9E+03 – – ARO2 1.1 (4.6) 1.7 (2.1) 3.9 (2.3)
1,3,5-Trimethylbenzene (b) – 5.0E+03 – – ARO2 0.54 (4.4) 0.83 (2.1) 1.9 (2.4)
p-Dichlorobenzene (a) – 3.8E+01 – – ARO2 0.14 (4.5) 0.12 (2.4) 0.39 (2.8)

Aldehydes, ketones, alcohols, and ethers
Formaldehyde (a) – 7.6E+02 – – – 9.6 (2.8) 3.9 (1.7) 18 (2.5)
Acetaldehyde (a) – 1.3E+03 – – – 4.0 (3.9) 2.3 (1.9) 9.1 (2.7)
Propionaldehyde (a) – 1.7E+03 – – – 0.29 (3.6) 0.47 (1.9) 1.0 (2.1)
Acrolein (a) – 1.8E+03 – – – 0.21 (5.3) 0.21 (3.1) 0.70 (3.0)
Butyraldehyde (a) – 2.1E+03 – – – 0.14 (3.9) 0.28 (1.5) 0.55 (2.0)
Crotonaldehyde (a) 1.4E�04 3.0E+03 0.2 OLE1 OLE2 0.10 (4.8) 0.091 (2.3) 0.31 (2.7)
Valeraldehyde (a) – 2.6E+03 – – ALK4 0.25 (3.9) 0.18 (1.9) 0.62 (2.5)
Isovaleraldehyde (a) – 2.6E+03 – – ALK4 0.13 (3.7) 0.11 (2.4) 0.36 (2.6)
Hexaldehyde (a) – 2.5E+03 – – ALK4 0.35 (3.6) 0.50 (1.7) 1.1 (2.1)
Benzaldehyde (a) – 1.1E+03 – – ARO1 0.20 (4.1) 0.45 (1.9) 0.85 (2.1)
Glyoxal (a) – 1.0E+03 – – – 0.20 (3.6) 0.48 (1.5) 0.88 (1.8)
Methylglyoxal (a) – 1.5E+03 – – – 0.24 (3.8) 0.40 (1.6) 0.87 (2.1)
Acetone (a) – 1.2E+03 – – – 1.3 (4.9) 1.2 (2.6) 3.8 (2.8)
Methyl ethyl ketone (c) – 9.9E+01 – – – 5.1 (3.8) 2.3 (2.4) 11 (2.8)
Methanol (b) – 7.9E+01 – – – 5.3 (4.1) 3.3 (2.4) 13 (2.7)
Ethanol (b) – 2.9E+02 – – – 52 (4.1) 33 (2.4) 130 (2.8)
2-Propanol (c) – 4.5E+02 – – – 1.2 (4.1) 0.76 (2.4) 3.0 (2.8)
2-Butoxyethanol (c) – 2.1E+03 – – – 0.10 (4.1) 0.070 (2.4) 0.26 (2.7)
Methyl tert-butyl ether (a) – 5.1E+01 – – – 1.3 (5.2) 1.5 (2.5) 4.2 (2.7)

Alkanes and chlorinated derivatives
Methane (d) – 5.6E�01 – – – 0 2000 2000 (1.0)
Ethane (b) – 2.1E+01 – – – 1.3 (4.1) 0.83 (2.0) 3.2 (2.7)
Propane (b) – 9.4E+01 – – – 0.80 (4.1) 0.50 (2.0) 2.0 (2.7)
n-Butane (b) – 2.1E+02 – – – 2.1 (4.0) 1.3 (2.0) 5.1 (2.7)
n-Pentane (b) – 3.5E+02 – – ALK4 1.1 (4.0) 0.67 (2.0) 2.6 (2.7)
n-Hexane (c) – 4.8E+02 – – ALK4 0.37 (4.1) 0.23 (2.0) 0.91 (2.6)
n-Heptane (c) – 6.2E+02 – – ALK5 0.16 (4.1) 0.10 (2.0) 0.39 (2.7)
n-Octane (c) – 7.7E+02 – – ALK5 0.48 (4.1) 0.30 (2.0) 1.2 (2.7)
n-Nonane (c) – 8.9E+02 – – ALK5 0.64 (4.1) 0.40 (2.0) 1.6 (2.7)
n-Decane (c) – 1.0E+03 – – ALK5 0.42 (4.1) 0.27 (2.0) 1.0 (2.7)
n-Undecane (b) – 1.1E+03 – – ALK5 0.53 (4.0) 0.33 (2.0) 1.3 (2.7)
n-Dodecane (c) – 1.2E+03 – – ALK5 0.42 (4.1) 0.27 (2.0) 1.0 (2.7)
n-Tridecane (c) – 1.2E+03 – – ALK5 0.81 (4.2) 0.50 (2.0) 2.0 (2.7)
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the Runge–Kutta order 4 (RK4) method for each of
the 10 000 cases until the steady state was reached; the
steady state concentrations were then taken as the
time-averaged concentrations. The numerical solution
was performed with an in-house program written in
the statistical programming software Stata version 11
(StataCorp LP, College Station, TX, USA).

Results and discussion

Summary of model results

The resulting oxidant mole fractions distributions were
lognormal and are listed in Table 4. These are quite
reasonable concentrations. For example, indoor O3

mole fractions in 143 residences in southern California
had an AM � SD of 13 � 12 ppb (Avol et al., 1998).
Indoor OH has not been measured in residences to my
knowledge, but it has been predicted to have an aver-
age value of 6.7 9 10�6 ppb in a typical indoor space
(Weschler and Shields, 1996). Moreover, Weschler and
Shields (1997) inferred an OH concentration of
2.8 9 10�5 ppb in an office with supplementary O3

and d-limonene. For the 66 ROGs, Table 2 lists the
GM and GSD for the resulting indoor mole fraction
distributions. The GMs for these ROGs are very simi-
lar to the median mole fractions of ROGs reported in
the studies from which these inputs were derived,
which is expected as those mole fractions were used to
derive the Ej/V from which indoor ROG mole fractions
were predicted with Equation 3.

Figure 2a displays box plots of different indoor aer-
osol concentrations, with organic aerosol components
(SOA + OOA + POA = OA) in white, inorganic aero-
sol (IA) in light gray, and fine aerosol (PM = OA +

Table 2 Continued

kj(O3)
2 kj(OH)

2 YOH
3 ξj(O3)

4 ξj(OH)
4 Ej/V

5 (ppb/h) Cj,o
6 (ppb) Cj

7 (ppb)
Compound1 (ppb�1 h�1) (ppb�1 h�1) (�) (�) (�) GM (GSD) GM (GSD) GM (GSD)

n-Tetradecane (c) – 1.2E+03 – – ALK5 0.43 (4.0) 0.27 (2.0) 1.0 (2.7)
n-Pentadecane (c) – 1.2E+03 – – ALK5 0.11 (4.1) 0.067 (2.0) 0.26 (2.7)
Cyclohexane (c) – 6.4E+02 – – – 0.75 (4.0) 0.47 (2.0) 1.8 (2.7)
Methylene chloride (a) – 4.8E+01 – – – 0.21 (5.5) 0.24 (1.9) 0.69 (2.7)
Chloroform (a) – 1.4E+01 – – – 0.12 (4.6) 0.035 (1.5) 0.22 (3.3)
Carbon tetrachloride (a) – 3.9E�02 – – – 0.020 (4.1) 0.10 (1.3) 0.15 (1.6)
1,1,1-Trichloroethane (b) – 8.2E�01 – – – 5.3 (4.1) 3.3 (2.0) 13 (2.7)
Trichloroethylene (a) – 1.8E+02 – – – 0.0068 (4.1) 0.022 (1.7) 0.038 (1.9)
Tetrachloroethylene (a) – 1.4E+01 – – – 0.048 (4.5) 0.083 (2.7) 0.20 (2.5)

1. ROG distributions were derived from (a) the RIOPA dataset (Turpin et al., 2007; Weisel et al., 2005); (b) Weschler and Shields (1996); (c) compounds from Sarwar et al. (2002); or (d)
assumed.
2. Temperature-dependent reaction rate constants were from Master Chemical Mechanism, MCM v3.2 (Bloss et al., 2005; Jenkin et al., 1997, 2003; Saunders et al., 2003), except those for
phenol (Wu et al., 2012), p-dichlorobenzene (Arnts et al., 1989), glyoxal and methylglyoxal (Plum et al., 1983), acetone (Gierczak et al., 2003), and carbon tetrachloride (Cupitt, 1987). The alk-
anes n-tridecane, n-tetradecane, and n-pentadecane were assumed as the same as n-dodecane. Reaction rate constants are for the mean temperature of 296.9 K.
3. Weschler and Shields (1996).
4. Aerosol mass fractions (AMF), Zhang et al. (2006), Presto and Donahue (2006), Lane et al. (2008), Griffin et al. (1999). See Table 3 for AMF parameters.
5. Input emission rate distributions were calculated with a separate Monte Carlo prior to the primary one, using indoor and outdoor concentration distributions of ROGs from Weisel et al.
(2005), Weschler and Shields (1996), and Sarwar et al. (2002), along with other relevant input distributions.
6. Input outdoor ROG mole fractions from Weisel et al. (2005), Weschler and Shields (1996), and Sarwar et al. (2002)
7. Resulting indoor ROG mole fraction distributions from the primary Monte Carlo analysis.

Table 3 SOA normalized aerosol mass fractions (AMF) for different reactive organic gas
(ROG) species and classes (see text) using the ‘volatility basis set’ approach with a four-
product basis set with saturation concentrations at 298 K, c�i (T298K), of 1, 10, 100, and
1000 lg/m3.

ROG class AMF c�i (T298K) (lg/m
3)

No. Name 1 10 100 1000

1 DLIM 0.32 0.31 0.30 0.60
2 APIN 0.055 0.090 0.12 0.18
3 BPIN 0.044 0.072 0.12 0.22
4 CAMP 0.032 0.052 0.12 0.20
5 ATERP 0.045 0.073 0.12 0.21
6 D3CAR 0.040 0.066 0.10 0.16
7 OLE1 0.001 0.002 0.012 0.045
8 OLE2 0.003 0.006 0.023 0.076
9 ISOP 0.006 0.02 0.01 0
10 ARO1 0.01 0.03 0.075 0.25
11 ARO2 0.02 0.04 0.08 0.25
12 ALK4 0 0.01 0 0
13 ALK5 0 0.1 0 0

Table 4 Summary of result distributions for ozone, hydroxyl radical, and all aerosol types
considered in the Monte Carlo analysis, including the geometric mean (GM) and geometric
standard deviation (GSD) for lognormal distribution fits and their 1st and 99th percentiles

Parameter GM GSD 1st Percentile 99th Percentile

CO3 (ppb) 5.0 2.7 0.38 39
COH (ppb) 2.0 9 10�6 2.7 1.8 9 10�7 1.8 9 10�5

CSOA (lg/m
3) 1.0 3.8 0.065 27

CPOA (lg/m
3) 4.2 2.0 0.79 21

COOA (lg/m
3) 1.8 1.9 0.37 7.2

COA (lg/m
3) 8.7 1.7 3.0 38

COIA (lg/m
3) 5.3 1.9 1.1 21

CPIA (lg/m
3) 1.3 2.0 0.26 6.3

CIA (lg/m
3) 7.2 1.6 2.4 22

CPM (lg/m3) 17 1.5 7.4 47
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IA) in darker gray. The resulting aerosol distributions
were also lognormal and summary information for
them is listed in Table 4. It was impossible to compare
the predicted SOA with the actual measured SOA, as
the RIOPA study reported the total OA only. How-
ever, the OA and PM distributions are similar to the
organic mass and PM2.5 distributions from the RIOPA
study (Turpin et al., 2007; Weisel et al., 2005), which,
for instance, had median values of 7.3 and 14.4 lg/m3,
respectively. This agreement is sufficient for this work,

which uses this dataset to explore the relative magni-
tudes of SOA as compared to other aerosols and the
determinants of the strength of SOA formation.

Relative influence of SOA on indoor aerosols

To illustrate the contribution of the different types of
organic aerosol to the total OA concentration, Fig-
ure 2b shows cumulative distribution functions (CDF)
for ratios of SOA, OOA, and POA to the total OA
concentration, over the Monte Carlo set. The SOA
comprises the smallest fraction of OA, followed by
OOA, and then finally, the POA constitutes the largest
fraction. For instance, the fraction of the SOA/OA is
0.056, 0.12, and 0.26 at the 25th, 50th, and 75th percen-
tiles, respectively. In contrast, at those same percen-
tiles, the OOA/OA is 0.13, 0.24, and 0.39, and the
POA/OA is 0.39, 0.55, and 0.70, respectively. More-
over, Figure 2b illustrates that for 10% of all modeled
cases, the indoor-formed SOA is at least a factor of
0.47 of all OA indoors. It thus appears that indoor
SOA formation is only meaningful for certain combi-
nations of parameters (i.e., reactants, building, and
environmental factors) within this modeling set. The
parameters that have strong impacts on SOA forma-
tion are explored in the sensitivity analysis later.

Figure 2c shows CDFs for ratios of SOA, OOA,
POA, and OA to the fine aerosol (PM) concentration
calculated over the Monte Carlo set. The specific frac-
tion of organic aerosol types to the total indoor PM con-
centration depends on the relative strengths of
the various ambient and indoor particle sources. The
OA/PM ratio is 0.42, 0.54, and 0.66 at the 25th, 50th,
and 75th percentiles, respectively, thus illustrating the
strong presence of organic aerosol in indoor fine parti-
cles. This is expected, as in the RIOPA study, most of
the PM2.5 that was generated indoors was organic
aerosol in nature (Polidori et al., 2006b). The trend for
the fraction of the different types of organic aerosol to
indoor PM2.5 follows a similar trend to the fraction of
each type to OA, but with lower values. The fraction of
SOA/PM is 0.026, 0.060, and 0.14 at the 25th, 50th, and
75th percentiles, respectively. Similar to the SOA/OA
fraction, the SOA is only a substantial fraction of indoor
fine aerosol for certain combinations of model inputs.

Relative contribution of oxidation of ROGs to indoor SOA

The contributions of each of the 66 ROGs were quanti-
fied according to the 13 compound groupings used to
assign the AMFs for the oxidation by O3 and OH of
different ROGs (as listed in Tables 2 and 3). Figure 3a
displays box plots of the distributions of the fractions
of total SOA produced by oxidation of these 13
compound groupings, for both O3 and OH. Most SOA
was formed as a result of terpene oxidation, which is
because terpenes are highly reactive with O3 and have
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Fig. 2 Results for indoor aerosol generated indoors as second-
ary organic aerosol (SOA); of outdoor origin (OOA); emitted
indoors due to primary emissions (POA); total organic aerosol
(OA); inorganic aerosol (IA); and total fine aerosol (PM). Plot
(a) is box plots of distributions; and plots (b) and (c) are cumu-
lative distribution functions of the fractions of different organic
aerosol types of the indoor (b) total OA and (c) total PM
concentrations
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larger AMFs than other compounds, as shown in
Figure 3b, which are box plots of the AMF distribu-
tions for the 13 groups. The oxidation of higher molec-
ular weight aromatics and alkanes by OH also
contributes to indoor SOA formation for a subset of
the results. The potential SOA-forming impacts of OH
oxidation of these classes have been largely overlooked
in indoor studies, but they may be important in certain
environments. Finally, for all compound groups that
react with O3, larger or at least equivalent fractional
SOA was generated by O3 rather than OH oxidation.

The specific roles of the terpenes are worth consider-
ing more, as their oxidation drives most SOA forma-
tion. Using the GM indoor mole fractions in Table 2,
the terpenes comprise 8.8% of all SOA-forming com-
pounds in this set (i.e., ones with AMFs), but they are
responsible for 87% of SOA formation when summing
the medians of the result distributions. The most nota-
ble terpene is d-limonene, with its oxidation by O3 of
particular importance, contributing to 44, 60, and 69%
of all SOA formation at the 25th, 50th, and 75th
percentiles, respectively. For SOA formation by OH
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oxidation, d-limonene also contributes the most of any
compound. The a-pinene was a modest contributor to
SOA formation, due to its moderate AMF and indoor
mole fraction, and the contribution of b-pinene was
quite low, reflecting both its lower reaction rate con-
stant and AMF. These terpenes were measured during
the RIOPA campaign, and each had indoor mole frac-
tions an order of magnitude higher than their outdoor
mole fractions, illustrating the important role of indoor
emissions of terpenes on indoor SOA formation.

The terpenes camphene, a-terpinene, and D3-carene
were not measured during the RIOPA campaign.
Camphene and D3-carene behaved similarly to
a-pinene and b-pinene, respectively, but the impact of
a-terpinene ozonolysis on formation deserves further
discussion as it was the third largest contributor to
SOA due to oxidation by either O3 or OH. Its large
role is particularly interesting as a-terpinene has an
AMF similar to that of b-pinene and has an indoor
mole fraction two orders of magnitude lower than d-
limonene and one order lower than the other terpenes.
However, a-terpinene has a reaction rate with O3 that
is one order of magnitude faster than that of d-limo-
nene and two orders faster than the other terpenes.

To explore this, Figure 3c plots the log base-10 of
the total conversion rate (lg/m3 h) for the oxidation of
all ROG classes by O3 and OH, and it is clear that
a-terpinene has a large ozonolysis conversion rate.
Thus, certain ROGs with high reaction rates with
indoor oxidants and low indoor mole fractions may
still have large conversion rates and participate mean-
ingfully in SOA formation indoors. As these ROGs
may not be measured or regarded, they may be essen-
tially ‘stealth reactants’ that have overlooked roles in
certain indoor chemistry pathways. Candidates include
terpinene isomers, terpinolene, a-phellandrene, and
potentially terpineol isomers, which are all emitted by

general purpose cleaners that are regularly used
indoors (Singer et al., 2006a).

Sensitivity of SOA formation to input variables

For the sensitivity analysis, a linear regression for CSOA

(as well as COOA, CPOA, and COA) was applied, after
natural log-transforming the outcome and input vari-
ables, which yielded a better fit than regressing the
non-transformed variables. Input variables used were
{k, CO3,o, COA,o, EPOA/V, bPM, bO3, T}, as well as the
volume-normalized indoor emission rate for the six terp-
enes and outdoor mole fractions for d-limonene and a-
pinene. This linear model well represented the variability
in the dataset (R2 = 0.88). Table 5 lists both the actual
regression coefficients and standardized regression coef-
ficients (SRC) for the linear fits. The SRC is the actual
coefficient normalized by the ratio of the sample stan-
dard deviations of the dependent to independent vari-
ables. SRCs range from �1 to +1 and are useful to
compare the relative importance of model inputs on the
outcome: a high |SRC| indicates a large influence on the
outcome, while a |SRC| near zero indicates no influence,
and an input with a �SRC changes the outcome nega-
tively and a +SRC changes the outcome positively.

The inputs that affect SOA formation positively
include those related to reactant source terms. The
emission rate of d-limonene (EDLIM/V) had by far the
largest relative influence, in either the positive or the
negative direction. The outdoor O3 mole fraction
(CO3,o) is the next but quite less influential input,
followed by the emission rate of a-terpinene (EATERP/
V) and then the outdoor d-limonene mole fraction
(CDLIM,o). These results again highlight the important
role of d-limonene in indoor SOA formation. The fact
that d-limonene has such a large role in indoor chemis-
try may be fortuitous as reducing the usage of products

Table 5 Actual (coefficient) and standardized regression coefficients (SRC) of natural log-transformed inputs regressed against the natural log-transformed SOA, OOA, POA, and OA pre-
dicted concentrations

Parameter

CSOA (R
2 = 0.88) COOA (R

2 = 0.98) CPOA (R
2 = 0.98) COA (R

2 = 0.80)

Coefficient SRC Coefficient SRC Coefficient SRC Coefficient SRC

k �0.56 �0.31 0.51 0.60 �0.49 �0.52 �0.23 �0.32
CO3,o 0.76 0.39 – – – – 0.15 0.19
COA,o 0.11 0.041 1.0 0.75 – – 0.30 0.26
EPOA/V 0.17 0.071 – – 1.0 0.81 0.56 0.58
bPM �0.67 �0.15 �0.50 �0.24 �0.50 �0.22 �0.54 �0.30
bO3 �0.52 �0.15 – – – – �0.088 �0.064
T �3.8 �0.025 – – – – �0.90 �0.015
EDLIM/V 0.64 0.72 – – – – 0.14 0.39
EAPIN/V 0.033 0.045 – – – – 0.0027 0.0090
EBPIN/V 0.0060 0.0073 – – – – 0.00050 0.0015
ECAMP/V 0.0079 0.0097 – – – – �6.6E�04 �0.0020
EATERP/V 0.18 0.22 – – – – 0.023 0.067
ED3CAR/V 0.012 0.015 – – – – 5.8E�04 0.0017
CDLIM,o 0.15 0.091 – – – – 0.020 0.030
CAPIN,o 4.6E�03 3.2E�03 – – – – 9.6E�04 0.0016
Constant 19 – �0.77 – �0.77 – 5.2 –
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in residences that contain d-limonene, such as cleaners
and air fresheners (Singer et al., 2006a), is perhaps an
easier task than reducing outdoor O3, which requires a
concerted effort by many stakeholders. Moreover, new
consumer product formulations that do not contain
d-limonene could be developed. Increases in inputs
that enhance concentrations of other types of organic
aerosol (COA,o and EPOA/V) also increase SOA concen-
trations, but these have a low impact on SOA forma-
tion in these results.

Inputs that have a negative correlation with SOA
formation include those related to reactant and prod-
uct loss mechanisms. The most important driver is the
air exchange rate (k). The reduction in the air exchange
rate simultaneously decreases indoor O3 by outdoor-
to-indoor transport but increases the indoor-emitted
ROGs, and this increase in indoor ROG mole fractions
is more influential on SOA formation than the corre-
sponding O3 decrease. Reducing the air exchange rate
also increases the residence time of air indoors, allow-
ing more time for SOA-forming reactions to occur.
Others have noted this air exchange impact on indoor
chemistry (Fadeyi et al., 2009; Waring and Siegel,
2010; Weschler and Shields, 2000). Increases in the
deposition loss rates of O3 (bO3) and SOA (bPM) have
similar influences on SOA reduction to each other.
Finally, increases in temperature (T) increase com-
pound volatility and reduce SOA, but this effect was
low relative to the other inputs, as the T range of 12°C
is too small to influence SOA formation appreciably.
Similarly, Warren et al. (2009) observed that SOA for-
mation due to a-pinene oxidation changed by a factor
of ~1.5 over a 12°C range.

Limitations of this approach

One important limitation of this study is that this
time-averaged approach neglects SOA formation and
subsequent exposure that occurs from large transient
emissions of ROGs during times of high outdoor O3.
This SOA exposure could be meaningful as sizeable
emissions of terpenes owing to use of consumer prod-
ucts, such as cleaning agents, occur in the vicinity of
occupants. Relatedly, the well-mixed assumption may
also cause both under- and overpredictions of exposure
for occupants in different locations within the same
home. Also, some indoor aerosol concentrations other
than SOA are likely semivolatile in nature, and some
mass might redistribute owing to indoor–outdoor
temperature and available surface area differences
(Weschler and Nazaroff, 2008).

Moreover, the penetration of O3 and aerosols
through the envelope is not unity (e.g., Stephens and
Siegel, 2012; Stephens et al., 2011) when windows/
doors are closed, and lower penetration values
would reduce the indoor ozone and organic aerosol

concentrations, as well as SOA formation. Regarding
the O3 and aerosol deposition rates, these would likely
decrease with increasing air exchange rates (and vice
versa) because higher air exchange rates increase air
velocities and decrease transport resistance through the
boundary layer (e.g., Cano-Ruiz et al., 1993). This
work also assumed one PM deposition rate, which was
the best estimate from the RIOPA study (Weisel et al.,
2005), even though different aerosols would have dif-
ferent size distributions and deposit at different rates.

Finally, the inclusion of NOx would influence the
results as increasing NOx would reduce O3 and OH
concentrations and would also generate nitrate radi-
cals. Carslaw et al. (2012) predicted organic nitrates to
dominate SOA composition in a modeling work simu-
lating suburban UK. Interestingly, for the typical con-
ditions in that paper, the SOA concentration was
� 1 lg/m3, which is similar to this present work. The
presence of NOx also reduces the AMF for the oxida-
tion of some compounds, for example for a-pinene
(e.g., Presto and Donahue, 2006), because nitric oxide
reacts strongly with peroxy radicals, competitively
prohibiting the reactions of peroxy and hydroperoxyl
radicals that yield low volatility, SOA-forming
hydroperoxides (Kroll and Seinfeld, 2008). However,
NOx has a very small effect on SOA formation due to
d-limonene ozonolysis (Zhang et al., 2006), so this
AMF reduction effect is largely negligible here.

Summary

The model herein provides an expanded framework
that other researchers can use to predict residential
SOA formation and explore different scenarios, which
includes along with it with a distribution-oriented
input dataset derived from real data. The actual regres-
sion coefficients of the natural log-transformed out-
comes and inputs included in Table 5 can be used for
quick determinations of SOA, OOA, POA, and OA.
This study has demonstrated that SOA formation can
influence residential fine aerosol concentrations mean-
ingfully in settings with certain combinations of deter-
minants, for instance, in those with high terpene
emissions and outdoor O3 coupled with low air
exchange and deposition rates. Also, results indicate
that d-limonene contributes by far the most to SOA
formation of any ROG, but other terpenes with high
O3 conversion rates, such as a-terpinene, should be
investigated. Future studies examining SOA formation
should include variations in these parameters to vali-
date these results.
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